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1 Introduction

There is a compelling amount of experimental evidence for the existence of dark matter (DM) in

the universe [1]. A host of astrophysical, cosmological and direct detection experiments provide

a basic profile: A viable DM candidate must be electrically neutral, colorless, non-relativistic at

redshifts of z ∼ 3000, and generate the measured relic abundance of [2],

h2 ΩDM = 0.1131 ± 0.0034. (1)

A dark matter candidate once in thermal equilibrium with the Standard Model (SM) during the

early universe is theoretically well motivated [1]. The abundance for thermally populated dark

matter relics is correlated with the annihilation cross section [3] by

h2 ΩDM "
0.1 pb · c
〈σv〉

, (2)

where c is the speed of light and 〈σv〉 is the annihilation cross section. This annihilation cross

section goes as

〈σv〉 "
g4

8π

1

M2
, (3)

for a pair of dark matter particles to annihilating into a two particle massless final state. Here

g is a O(1) coupling and M is of order 100 GeV. It is thus widely expected that the question of

the origin and nature of dark matter is correlated with the TeV scale. Because of this and the

general experimental requirements above, many models of new physics at the TeV scale propose

dark matter candidates. Each candidate is stable because it transforms under a new symmetry1

beyond the Standard Model (SM). Moreover, the candidate is typically the lightest new particle

which transforms under the new symmetry.

In many respects, baryons are similar to dark matter candidates. They are forbidden from decaying

into lighter leptons by baryon number conservation. Moreover, the relic abundance of luminous

baryons is measured as [2],

h2 Ωb = 0.02267+0.00058
−0.00059 , (4)

which differs from the dark matter relic abundance by almost exactly by a factor of five in mag-

nitude2. Because of the astonishing similarity of these numbers, it has been often thought that

both the baryon and dark matter relic abundances might have a common origin [4]. There is even

more to story of the composition of baryons in the universe! Baryons and anti-baryons are treated

1Dark matter candidates that are not absolutely stable are possible. Their long lifetime to the present epoch is
due to an approximate symmetry.

2Baryons, as defined by cosmologists, actually compose all of the nuclei and leptons in the universe. The leptons,
however, are only a small fraction of the overall total mass; and the measured ratio of the baryon density to the
critical density ρb/ρcr ∼ Ωb is dominated by protons and neutrons.
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• Hierarchy Problem:  TeV scale models 
often have O(100) GeV DM.

• LHC set to explore TeV scale!
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Motivation and Goals

• Broad Goal:  Characterize LHC signatures 
with large missing energy to probe hidden 
sector/DM candidates.  

• Implement:  Create new observables that can 
help theorists in reconstructing the model for 
dark matter.

• Today:  Focus on distinguishing models with Z2 
(parity) stabilization symmetries from models 
with other stabilization symmetries.
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How to do this...

• Ultimately searching for different decay 
topologies 

odd

odd

even charged

charged

charged

only parity stabilized models never for parity stabilized models

e.g., Z3, Z2 x Z2, ...

Final state:
One DM per leg

This final state:
Two DM per leg

• Searching for scenarios w/ one or two DM per leg.

Thursday, October 7, 2010
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The Plan

• Unique Decay Topology and Reconstruction 
(10 Minutes)

• Topologies and MT2 Reconstruction 
(10 Minutes)

• Signatures with Metastable Particles
(7 Minutes)  

• Future work/Conclusions
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• Standard searches at LHC involves kinematic 
endpoints.

Decays for Parity Models

April 30, 2008 – 17 : 17 DRAFT 6

The background due to QCD jets is negligible. The fraction of SUSY events in the selected sample with122

OSSF leptons is 59% for SU1, 77% for SU3, and 80% for SU4.123

3.2 Reconstruction of the dilepton edge124
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Figure 1: Left: distribution of the invariant mass of same-flavour and opposite-flavour lepton pairs for
the SUSY benchmark points and backgrounds after the cuts optimized from data in presence of the SU3
signal (left), and the SU4 signal (right). The integrated luminosities are 1 fb−1 and 0.5 fb−1 respectively.

The distribution of the invariant mass of same-flavour and opposite-flavour lepton pairs is shown in125

Fig. 1 for the SUSY benchmark points and backgrounds, after the selection cuts optimized for SU3 (left126

plot) and SU4 (right plot), and for an integrated luminosity of 1 fb−1 and 0.5 fb−1 respectively. It can be127

noted that for the Standard Model the opposite- and same-flavour distributions are similar, while for the128

signal they are similar only beyond the edge.129

Figure 2: Left: Distribution of invariant mass after flavour subtraction for the SU3 benchmark point with
an integrated luminosity of 1 fb−1. Right: the same distribution is shown for the SU4 benchmark point
and an integrated luminosity of 0.5 fb−1. The line histogram is the Standard Model contribution, while
the points are the sum of Standard Model and SUSY contributions. The fitting function is superimposed
and the expected position of the endpoint is indicated by a dashed line.
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The invariant mass distribution after flavour subtraction is shown in the left plot of Fig. 2 in the130

presence of the SU3 signal and for an integrated luminosity of 1 fb−1. The distribution has been fitted131

with a triangle smeared with a Gaussian. The value obtained for the endpoint is (99.7±1.4±0.3) GeV132
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Higgs boson may be initially detected as a SUSY decay product rather than by signatures that involve its52

production via SM processes. The “Higgs” point (SU9) is used for this study.53

In section 9 the parameters measured in sections 3 to 8 are used to extract information about the54

SUSY model such as the sparticle mass spectrum and the mSUGRA parameters under the hypothesis55

that mSUGRA is realised.56

All of these studies are performed in the context of the Computing System Commissioning; they use57

a realistic detector geometry with residual misalignments, and all relevant Standard Model backgrounds58

are taken into account, as are the trigger efficiencies. The reconstruction of final state objects, the event59

selection criteria and the strategy used to simulate both signal and background events are common across60

all SUSY analyses and are discussed in the introductory SUSY paper [2].61

2 Measurement of endpoints62

The decay chain in (1) is particularly suited to measure the mass of SUSY particles, as the presence in63

the final state of charged leptons, missing energy from the escaping neutralino and hadronic jets ensures64

a large signal to background ratio. Thus, fit results are not very dependent on the precise measurement65

of the SM background. Although we discuss the reconstruction of edges and thresholds within the66

mSUGRA framework, the same methodology can be applied to the large variety of SUSY models where67

the q̃L decay channel in (1) is open. In the following we indicate with � only electrons and muons (with68

�̃ being their superpartners) while τ leptons are indicated explicitly.69

The endpoint in the di-lepton invariant mass distribution is a function of the masses of the particles
involved in the decay. If the sleptons are heavier than the χ̃02 then the decay proceeds through the three
body channel χ̃02 → χ̃01 �+�− as in the SU4 model. In this case, the distribution of the invariant mass of the
two leptons has a non-triangular shape described in Ref. [4, 5] with an endpoint equal to the difference
of the mass of the two neutralinos:

medge!! = mχ̃02
−mχ̃01

(4)

If at least one of the sleptons is lighter than the χ̃02 then the two-body decay channel χ̃02 → �̃±�∓ →70

χ̃01 �+�− dominates. The distribution of the invariant mass of the two leptons is triangular with an endpoint71

at:72

medge!! = mχ̃02

����1−
�
m!̃

mχ̃02

�2�

1−
�mχ̃01
m!̃

�2
(5)

In the SU3 model, where the �̃R and the τ̃1 are lighter than the χ̃02 such an endpoint is expected in the73

�+�− (τ+τ−) distribution for medge!! = 100.2 GeV (medgeττ =98.3 GeV). In the SU1 model both �̃R and �̃L as74

well as τ̃1 and τ̃2 are lighter than χ̃02 resulting in a double triangular distribution for the dilepton invariant75

mass with two edges.76

The measurement of the dilepton endpoint allows to establish a relation between the masses of the77

two lightest neutralino and the sleptons that are lighter than the χ̃02 . For a determination of the masses of78

all the particles involved in the decay chain (1) mass distributions also involving the jet are used: m!!q,79

mthr!!q, m!q(low) and m!q(high). Since it is not possible to identify the quark from the q̃L decay, we make the80

assumption that it generates one of the two highest pT jets in the event, as is normally the case if the q̃L81

is much heavier than the χ̃02 . Hence only the two leading jets are considered. For the m!!q distribution82

a maximum value is expected so the jet giving the lowest m!!q value is used. The mthr!!q distribution is83

defined by the additional constraint m!! > medge!! /
√
2, giving a non-zero threshold value [6, 7]. Since a84
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m   = 218.6 GeV, m  = 230.45, m   = 117.91
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• “Non-parity” models have one or more DM 
candidates per decay chain!

Non-Parity Decay Chains

   and non-parity diagrams A correction for “non-parity” 
diagrams
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• We find a unique decay chain topology with two SM particles separated by a DM particle

(along with another DM at the end of the decay chain) which is generally present for Z3

models but absent for the Z2 case. Based on pure kinematics/phase space, this topology

leads to a “cusp” (i.e., derivative discontinuity) in the invariant mass distribution of the SM

particles.

Of course for a generic model, it is possible to have a “hybrid” scenario where elements from the

on-shell and off-shell scenarios are present.

An outline of the paper is as follows: In the next section, we begin with the case of off-shell

intermediate particles in a decay chain. There we show how differing kinematic edges can be used

to distinguish Z2 from Z3 models. In section 3 we move on to the case of intermediate particles

being on-shell. There we show the existence of a “cusp” in Z3 models for certain topologies; further

we show that this cuspy feature survives even when taking spin correlations into consideration. We

then discuss a couple of explicit models – one based on warped extra dimensional framework and

another using DM stabilization symmetry from spontaneous breaking. Here DM is not stabilized

by Z2 symmetries. In the second model, we show our signal is invariant under basic detector and

background cuts. We next conclude and briefly enumerate how Z2 models can fake signals from

Z3 models. We also mention future work to better reconstruct and distinguish Z3 from Z2 models,

e.g., using the two such decay chains present in each full event.

2 Off-shell intermediate particles

In this paper, we mostly study the decay of a single heavy particles, which is charged under the dark

matter stabilization and SM symmetries, into SM and dark matter candidate(s) inside the detector.

Henceforth, we denote such heavy particles by “mother” particles. In this section we assume that

all intermediate particles (if any) in this decay chain are off -shell. This off-shell scenario has been

frequently studied by the ATLAS and CMS collaborations [13, 14] for SUSY theories (which is an

example of a Z2 model).

We consider constructing the invariant mass distribution of the (visible) decay products. Unlike

for the Z2 case, for Z3 models a mother particle A can decay into one or two DM particles along

with the same SM particles. We mostly assume, just for simplicity, that there exist two visible

particles (a and b) in the final state as shown below (note however that the same argument is

relevant to the general cases where more than two visible particles are emitted):

A

a

b
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a

b

DM
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(3)
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• Generates a double kinematic edge.  

• Direct calculation of DM mass.
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Off-Shell Edges

• Off-shell cartoon:
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(along with another DM at the end of the decay chain) which is generally present for Z3

models but absent for the Z2 case. Based on pure kinematics/phase space, this topology

leads to a “cusp” (i.e., derivative discontinuity) in the invariant mass distribution of the SM

particles.

Of course for a generic model, it is possible to have a “hybrid” scenario where elements from the

on-shell and off-shell scenarios are present.

An outline of the paper is as follows: In the next section, we begin with the case of off-shell

intermediate particles in a decay chain. There we show how differing kinematic edges can be used

to distinguish Z2 from Z3 models. In section 3 we move on to the case of intermediate particles

being on-shell. There we show the existence of a “cusp” in Z3 models for certain topologies; further

we show that this cuspy feature survives even when taking spin correlations into consideration. We

then discuss a couple of explicit models – one based on warped extra dimensional framework and

another using DM stabilization symmetry from spontaneous breaking. Here DM is not stabilized

by Z2 symmetries. In the second model, we show our signal is invariant under basic detector and

background cuts. We next conclude and briefly enumerate how Z2 models can fake signals from

Z3 models. We also mention future work to better reconstruct and distinguish Z3 from Z2 models,

e.g., using the two such decay chains present in each full event.

2 Off-shell intermediate particles

In this paper, we mostly study the decay of a single heavy particles, which is charged under the dark

matter stabilization and SM symmetries, into SM and dark matter candidate(s) inside the detector.

Henceforth, we denote such heavy particles by “mother” particles. In this section we assume that

all intermediate particles (if any) in this decay chain are off -shell. This off-shell scenario has been

frequently studied by the ATLAS and CMS collaborations [13, 14] for SUSY theories (which is an

example of a Z2 model).

We consider constructing the invariant mass distribution of the (visible) decay products. Unlike

for the Z2 case, for Z3 models a mother particle A can decay into one or two DM particles along

with the same SM particles. We mostly assume, just for simplicity, that there exist two visible

particles (a and b) in the final state as shown below (note however that the same argument is

relevant to the general cases where more than two visible particles are emitted):
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Different edges and shapes
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• We find a unique decay chain topology with two SM particles separated by a DM particle

(along with another DM at the end of the decay chain) which is generally present for Z3

models but absent for the Z2 case. Based on pure kinematics/phase space, this topology

leads to a “cusp” (i.e., derivative discontinuity) in the invariant mass distribution of the SM

particles.

Of course for a generic model, it is possible to have a “hybrid” scenario where elements from the

on-shell and off-shell scenarios are present.

An outline of the paper is as follows: In the next section, we begin with the case of off-shell

intermediate particles in a decay chain. There we show how differing kinematic edges can be used

to distinguish Z2 from Z3 models. In section 3 we move on to the case of intermediate particles

being on-shell. There we show the existence of a “cusp” in Z3 models for certain topologies; further

we show that this cuspy feature survives even when taking spin correlations into consideration. We

then discuss a couple of explicit models – one based on warped extra dimensional framework and

another using DM stabilization symmetry from spontaneous breaking. Here DM is not stabilized

by Z2 symmetries. In the second model, we show our signal is invariant under basic detector and

background cuts. We next conclude and briefly enumerate how Z2 models can fake signals from

Z3 models. We also mention future work to better reconstruct and distinguish Z3 from Z2 models,

e.g., using the two such decay chains present in each full event.

2 Off-shell intermediate particles

In this paper, we mostly study the decay of a single heavy particles, which is charged under the dark

matter stabilization and SM symmetries, into SM and dark matter candidate(s) inside the detector.

Henceforth, we denote such heavy particles by “mother” particles. In this section we assume that

all intermediate particles (if any) in this decay chain are off -shell. This off-shell scenario has been

frequently studied by the ATLAS and CMS collaborations [13, 14] for SUSY theories (which is an

example of a Z2 model).

We consider constructing the invariant mass distribution of the (visible) decay products. Unlike

for the Z2 case, for Z3 models a mother particle A can decay into one or two DM particles along

with the same SM particles. We mostly assume, just for simplicity, that there exist two visible

particles (a and b) in the final state as shown below (note however that the same argument is

relevant to the general cases where more than two visible particles are emitted):
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Different edges and shapes

Two equations
two unknowns
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• We find a unique decay chain topology with two SM particles separated by a DM particle

(along with another DM at the end of the decay chain) which is generally present for Z3

models but absent for the Z2 case. Based on pure kinematics/phase space, this topology

leads to a “cusp” (i.e., derivative discontinuity) in the invariant mass distribution of the SM

particles.

Of course for a generic model, it is possible to have a “hybrid” scenario where elements from the

on-shell and off-shell scenarios are present.

An outline of the paper is as follows: In the next section, we begin with the case of off-shell

intermediate particles in a decay chain. There we show how differing kinematic edges can be used

to distinguish Z2 from Z3 models. In section 3 we move on to the case of intermediate particles

being on-shell. There we show the existence of a “cusp” in Z3 models for certain topologies; further

we show that this cuspy feature survives even when taking spin correlations into consideration. We

then discuss a couple of explicit models – one based on warped extra dimensional framework and

another using DM stabilization symmetry from spontaneous breaking. Here DM is not stabilized

by Z2 symmetries. In the second model, we show our signal is invariant under basic detector and

background cuts. We next conclude and briefly enumerate how Z2 models can fake signals from

Z3 models. We also mention future work to better reconstruct and distinguish Z3 from Z2 models,

e.g., using the two such decay chains present in each full event.

2 Off-shell intermediate particles

In this paper, we mostly study the decay of a single heavy particles, which is charged under the dark

matter stabilization and SM symmetries, into SM and dark matter candidate(s) inside the detector.

Henceforth, we denote such heavy particles by “mother” particles. In this section we assume that

all intermediate particles (if any) in this decay chain are off -shell. This off-shell scenario has been

frequently studied by the ATLAS and CMS collaborations [13, 14] for SUSY theories (which is an

example of a Z2 model).

We consider constructing the invariant mass distribution of the (visible) decay products. Unlike

for the Z2 case, for Z3 models a mother particle A can decay into one or two DM particles along

with the same SM particles. We mostly assume, just for simplicity, that there exist two visible

particles (a and b) in the final state as shown below (note however that the same argument is

relevant to the general cases where more than two visible particles are emitted):
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Off-Shell Edges

Cross sections 
summed

• We find a unique decay chain topology with two SM particles separated by a DM particle

(along with another DM at the end of the decay chain) which is generally present for Z3

models but absent for the Z2 case. Based on pure kinematics/phase space, this topology

leads to a “cusp” (i.e., derivative discontinuity) in the invariant mass distribution of the SM

particles.

Of course for a generic model, it is possible to have a “hybrid” scenario where elements from the

on-shell and off-shell scenarios are present.

An outline of the paper is as follows: In the next section, we begin with the case of off-shell

intermediate particles in a decay chain. There we show how differing kinematic edges can be used

to distinguish Z2 from Z3 models. In section 3 we move on to the case of intermediate particles

being on-shell. There we show the existence of a “cusp” in Z3 models for certain topologies; further

we show that this cuspy feature survives even when taking spin correlations into consideration. We

then discuss a couple of explicit models – one based on warped extra dimensional framework and

another using DM stabilization symmetry from spontaneous breaking. Here DM is not stabilized

by Z2 symmetries. In the second model, we show our signal is invariant under basic detector and

background cuts. We next conclude and briefly enumerate how Z2 models can fake signals from

Z3 models. We also mention future work to better reconstruct and distinguish Z3 from Z2 models,

e.g., using the two such decay chains present in each full event.

2 Off-shell intermediate particles

In this paper, we mostly study the decay of a single heavy particles, which is charged under the dark

matter stabilization and SM symmetries, into SM and dark matter candidate(s) inside the detector.

Henceforth, we denote such heavy particles by “mother” particles. In this section we assume that

all intermediate particles (if any) in this decay chain are off -shell. This off-shell scenario has been

frequently studied by the ATLAS and CMS collaborations [13, 14] for SUSY theories (which is an

example of a Z2 model).

We consider constructing the invariant mass distribution of the (visible) decay products. Unlike

for the Z2 case, for Z3 models a mother particle A can decay into one or two DM particles along

with the same SM particles. We mostly assume, just for simplicity, that there exist two visible

particles (a and b) in the final state as shown below (note however that the same argument is

relevant to the general cases where more than two visible particles are emitted):
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Off-Shell Edges

Cross sections 
summed

• 820 GeV mother and 100 GeV DM, vector-like 
couplings.
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Off-Shell Edges

Cross sections 
summed

• 820 GeV mother and 100 GeV DM, vector-like 
couplings.

• Second endpoint at about 620 GeV.
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On-Shell Considerations

• Any unique features underneath the effective
coupling?
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• Consider the decay with the mass hierarchy:

On-Shell Considerations

1 3-body decays

According to the refereces [1] and [2], the normalized distribution with spin-correlation is given by

1

Γ
∂Γ
∂u

= θ(u)θ(1− u)f(u) (1)

where

u ≡ 1− cos θ(B)
12

2
. (2)

Here f(u) is a spin-correlation function, and θ(B)
12 is the opening angle between 1 and 2 in the rest

frame of particle B. It is not difficult to deduce the following relation using the same algebra in

[1].

(p1 + p2)
2 ≡ m2

12 = (mmax
12 )

2u (3)

Note that this relation is completely general in the sense that its form is the same even when 1 and

2 are massive. By chain rule, the distribution against the invariant mass squared (m2
12) is given by

1

Γ
dΓ

dm2
12

=
1

(mmax
12 )2

θ

�
m2

12

(mmax
12 )2

�
θ

�
1− m2

12

(mmax
12 )2

�
f

�
m2

12

(mmax
12 )2

�
. (4)

Here the role of two θ-functions is nothing else but to define the range of the distribution; (mmin
12 )

2 <

m2
12 < (mmax

12 )
2
. If we plot the distribution over f , not m2

12, we easily obtain a straight line. In this

sense, for 3-body decay processes we can find a suitable variable to reduce the plot to a straight line

whatever spin-correlation function is given. Naturally, the next issue is how to figure out f . So far,

we have considered a few extreme cases such that only one type of chiral coupling exists on a given

vertex. In reality, however, more complicated interactions could happen, that is, not-equally mixed

chiral couplings. According to the reference [3], spin correlation functions are just a polynomial

1

µ+ (16)

µ− (17)

SM (18)

DM (19)

mmother −mDM (20)

mmother − 2mDM (21)

mD > mC > mB > mA (22)
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Another DM candidate
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A new decay topology!

Another DM candidate
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A new decay topology!
Coupling only possible with

new DM stabilization symmetry. 

Another DM candidate
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SM (18)

DM (19)

mmother −mDM (20)

mmother − 2mDM (21)

mD > mC > mB > mA (22)

2

A new decay topology!
Coupling only possible with

new DM stabilization symmetry. 

Another DM candidate
Often dominant:  Care required 

to see “non-parity” signal.
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Additional PossibleTopologies

• Many unique topologies:

aDMc

D C B DM

D C B DM

acDM

D C B DM

DMac

(11)

(12)

(13)

Note that (as above) decay cascades involve a “charged-charged-charged” (under Z3 symmetry)

vertex (in addition to “charged-charged-neutral” vertices) in order to contain two DM particles in

the final state.

Assuming that the visible particles are massless, ma = mc = 0, the upper endpoints for each

topology are given by (See Appendix A) for details.):

(mmax
ca )2 =

2(m2
D −m2

C)(m
2
B −m2

DM)

m2
B +m2

C −m2
DM − λ1/2(m2

C ,m
2
B ,m

2
DM )

(

for Eq. (11)
)

(14)

(mmax
ca )2 =

(m2
C −m2

B)(m
2
B −m2

DM )

m2
B

(

for Eq. (12)
)

(15)

(mmax
ca )2 =

(m2
D −m2

C)(m
2
C −m2

B)

m2
C

(

for Eq. (13)
)

(16)

where λ is the well-known kinematic triangular function given in the form of

λ(x, y, z) = x2 + y2 + z2 − 2xy − 2yz − 2zx. (17)

The main point is that kinematic endpoints are functions of the masses of the mother, the DM and

the intermediate particles, and moreover, this dependence changes according to different topologies.

Thus, even if the intermediate particles involved in these decays of a given mother particle are the

same, one will still obtain multiple endpoints.5 Finally, if we combine decay chains with one and

two DM in the final state (even if the latter has just one topology), the difference between the two

endpoints will not lead to a direct measurement of the DM mass like in the off-shell decay case

because again, the mass of intermediate particles is one of the main ingredients to determine the

endpoints.

In Z2 models the decay topologies must have a single DM particle and that too at the end of the

decay chain because the vertices in the decay cascade are of the form “odd-odd-even” (under the

Z2 symmetry).6 Nevertheless, there can still be different topologies because of different ordering of

5Of course, the different possible decay topologies can, in general, have different intermediate states.
6Note that a similar argument applies to decay chains in Z3 models with only one DM in the final state.
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Thus, even if the intermediate particles involved in these decays of a given mother particle are the
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Our Signal

A, B, C and D have masses of 200, 400, 700 and 800 GeV 

visible SM particles separated by a DM particle7, i.e.,

D C B A

aDMc

... ... (21)

We assume massless SM particles (i.e., ma = mc = 0) and the mass hierarchy mD > mC >

mB > mA. Also, we neglect spin-correlation effects in this section. We sketch the derivation of the

distribution of the ac invariant mass here and refer the reader to the Appendix A for details. The

differential distribution
1

Γ

∂Γ

∂m2
ac

that we want to study can be obtained for this “new” topology

easily by noting that the differential distribution
1

Γ

∂2Γ

∂u∂v
must be flat, where the variables are

defined as follows

u =
1− cos θ(C)

cDM

2
and v =

1− cos θ(B)
ca

2
, (22)

with θ(B)
ca being the angle between c and a in the rest frame of B, and θ(C)

cDM being the angle between

c and DM in the rest frame of C [18]. In addition, we have 0 < u, v < 1. Thus, we can write

1

Γ

∂2Γ

∂u∂v
= θ(1− u)θ(u)θ(1− v)θ(v) (23)

One further finds that

m2
ca = mmax

ca (1− αu)v, (24)

where mmax
ca is given in Eq. (14) with mDM in the numerator replaced by mA, and so we can

make a change of variables from the differential distribution of Eq. (23) and obtain the distribution
1

Γ

∂2Γ

∂u∂m2
ca
, which can then be integrated over u to finally obtain the distribution with respect to

mca
8:

1

Γ

∂Γ

∂mca
=























2mca

(mmax
ca )2 α

ln
m2

C

m2
B

for 0 < mca <
√
1− α mmax

ca

2mca

(mmax
ca )2 α

ln
(mmax

ca )2

m2
ca

for
√
1− α mmax

ca < mca < mmax
ca

(25)

where mmax
ca is given in Eq. (14) and

α =
2λ1/2(m2

C ,m
2
B ,m

2
DM)

m2
B +m2

C −m2
DM + λ1/2(m2

C ,m
2
B ,m

2
DM)

. (26)

7Note that in general D might come from the decay of another Z3-charged particle and similarly, at the end of
the decay, A might not be the DM, that is, it could itself decay further into DM particles and other visible states as
long as Z3-charge conservation is respected. The “...” to the left of D and to the right of A signify this possibility.

8Note that
1
Γ

∂Γ
∂m

= 2m
1
Γ

∂Γ
∂m2

.
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Figure 3: The panel on the left shows the distribution in mca while the right hand panel shows
the distribution in m2

ca from the decay chain of Eq. (21). The masses of mother particle, two
intermediate particles, and DM particles are 800 GeV, 700 GeV, 400 GeV, and 200 GeV, respectively
and the SM particles are assumed massless. A “cusp” due to the topology of Eq. (21) is clear in
both distributions.

From these results we can easily see that the new topology introduces two different regions in the

mca distribution with a “cusp” at the boundary connecting both regions, located at
√
1− α mmax

ca .

Figure 3 shows the same distribution in both panels, but with respect to mca on the left panel and

with respect to m2
ca on the right panel. As we will argue later, the second option seems better

suited once spin correlations are taken into account, but in both plots, one observes that the cuspy

feature is quite clear.

3.2.1 Two Visible Particles

Consider first the simple case of only two visible particles in a decay chain. In the Z3 reaction

of Eq. (21), D is then the mother particle and A is DM. Clearly, we would find a cusp in the

invariant mass distribution of the two visible particles in the Z3 model, but not for the Z2 model

since the two visible particles must always be adjacent to each other in the latter case.9 Thus, the

presence/absence of cusp could used to distinguish Z3 and from Z2 models.

3.2.2 Generalization to More than Two SM Particles in Decay Chain

Of course, in general in both Z2 and Z3 models there will be more than two visible particles with

possibly some of them being identical, and this will undoubtedly complicate the analysis. For

example, in the reaction of Eq. (21), a, c, or both can be produced at some other place of the same

9Note that we are considering decay of a Z3 or Z2-charged mother. A Z2-uncharged, i.e., even, mother is allowed
to decay into two DM and can give a cusp in the invariant mass of two visible particles from such a decay [7].
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D C B A
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... ... (21)

We assume massless SM particles (i.e., ma = mc = 0) and the mass hierarchy mD > mC >

mB > mA. Also, we neglect spin-correlation effects in this section. We sketch the derivation of the

distribution of the ac invariant mass here and refer the reader to the Appendix A for details. The

differential distribution
1

Γ

∂Γ

∂m2
ac

that we want to study can be obtained for this “new” topology

easily by noting that the differential distribution
1

Γ

∂2Γ

∂u∂v
must be flat, where the variables are

defined as follows

u =
1− cos θ(C)

cDM

2
and v =

1− cos θ(B)
ca

2
, (22)

with θ(B)
ca being the angle between c and a in the rest frame of B, and θ(C)

cDM being the angle between

c and DM in the rest frame of C [18]. In addition, we have 0 < u, v < 1. Thus, we can write

1

Γ

∂2Γ

∂u∂v
= θ(1− u)θ(u)θ(1− v)θ(v) (23)

One further finds that

m2
ca = mmax

ca (1− αu)v, (24)

where mmax
ca is given in Eq. (14) with mDM in the numerator replaced by mA, and so we can

make a change of variables from the differential distribution of Eq. (23) and obtain the distribution
1

Γ

∂2Γ

∂u∂m2
ca
, which can then be integrated over u to finally obtain the distribution with respect to

mca
8:

1

Γ

∂Γ

∂mca
=























2mca

(mmax
ca )2 α

ln
m2

C

m2
B

for 0 < mca <
√
1− α mmax

ca

2mca

(mmax
ca )2 α

ln
(mmax

ca )2

m2
ca

for
√
1− α mmax

ca < mca < mmax
ca

(25)

where mmax
ca is given in Eq. (14) and

α =
2λ1/2(m2

C ,m
2
B ,m

2
DM)

m2
B +m2

C −m2
DM + λ1/2(m2

C ,m
2
B ,m

2
DM)

. (26)

7Note that in general D might come from the decay of another Z3-charged particle and similarly, at the end of
the decay, A might not be the DM, that is, it could itself decay further into DM particles and other visible states as
long as Z3-charge conservation is respected. The “...” to the left of D and to the right of A signify this possibility.

8Note that
1
Γ

∂Γ
∂m

= 2m
1
Γ

∂Γ
∂m2

.
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Figure 3: The panel on the left shows the distribution in mca while the right hand panel shows
the distribution in m2

ca from the decay chain of Eq. (21). The masses of mother particle, two
intermediate particles, and DM particles are 800 GeV, 700 GeV, 400 GeV, and 200 GeV, respectively
and the SM particles are assumed massless. A “cusp” due to the topology of Eq. (21) is clear in
both distributions.

From these results we can easily see that the new topology introduces two different regions in the

mca distribution with a “cusp” at the boundary connecting both regions, located at
√
1− α mmax

ca .

Figure 3 shows the same distribution in both panels, but with respect to mca on the left panel and

with respect to m2
ca on the right panel. As we will argue later, the second option seems better

suited once spin correlations are taken into account, but in both plots, one observes that the cuspy

feature is quite clear.

3.2.1 Two Visible Particles

Consider first the simple case of only two visible particles in a decay chain. In the Z3 reaction

of Eq. (21), D is then the mother particle and A is DM. Clearly, we would find a cusp in the

invariant mass distribution of the two visible particles in the Z3 model, but not for the Z2 model

since the two visible particles must always be adjacent to each other in the latter case.9 Thus, the

presence/absence of cusp could used to distinguish Z3 and from Z2 models.

3.2.2 Generalization to More than Two SM Particles in Decay Chain

Of course, in general in both Z2 and Z3 models there will be more than two visible particles with

possibly some of them being identical, and this will undoubtedly complicate the analysis. For

example, in the reaction of Eq. (21), a, c, or both can be produced at some other place of the same

9Note that we are considering decay of a Z3 or Z2-charged mother. A Z2-uncharged, i.e., even, mother is allowed
to decay into two DM and can give a cusp in the invariant mass of two visible particles from such a decay [7].
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mB > mA. Also, we neglect spin-correlation effects in this section. We sketch the derivation of the

distribution of the ac invariant mass here and refer the reader to the Appendix A for details. The

differential distribution
1

Γ
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∂m2
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that we want to study can be obtained for this “new” topology

easily by noting that the differential distribution
1

Γ

∂2Γ

∂u∂v
must be flat, where the variables are

defined as follows

u =
1− cos θ(C)

cDM

2
and v =

1− cos θ(B)
ca

2
, (22)

with θ(B)
ca being the angle between c and a in the rest frame of B, and θ(C)

cDM being the angle between

c and DM in the rest frame of C [18]. In addition, we have 0 < u, v < 1. Thus, we can write

1

Γ

∂2Γ

∂u∂v
= θ(1− u)θ(u)θ(1− v)θ(v) (23)

One further finds that

m2
ca = mmax

ca (1− αu)v, (24)

where mmax
ca is given in Eq. (14) with mDM in the numerator replaced by mA, and so we can

make a change of variables from the differential distribution of Eq. (23) and obtain the distribution
1

Γ

∂2Γ

∂u∂m2
ca
, which can then be integrated over u to finally obtain the distribution with respect to

mca
8:

1

Γ

∂Γ

∂mca
=























2mca

(mmax
ca )2 α

ln
m2

C

m2
B

for 0 < mca <
√
1− α mmax

ca

2mca

(mmax
ca )2 α

ln
(mmax

ca )2

m2
ca

for
√
1− α mmax

ca < mca < mmax
ca

(25)

where mmax
ca is given in Eq. (14) and

α =
2λ1/2(m2
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2
B ,m

2
DM)

m2
B +m2

C −m2
DM + λ1/2(m2

C ,m
2
B ,m

2
DM)

. (26)

7Note that in general D might come from the decay of another Z3-charged particle and similarly, at the end of
the decay, A might not be the DM, that is, it could itself decay further into DM particles and other visible states as
long as Z3-charge conservation is respected. The “...” to the left of D and to the right of A signify this possibility.

8Note that
1
Γ

∂Γ
∂m

= 2m
1
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the distribution in m2

ca from the decay chain of Eq. (21). The masses of mother particle, two
intermediate particles, and DM particles are 800 GeV, 700 GeV, 400 GeV, and 200 GeV, respectively
and the SM particles are assumed massless. A “cusp” due to the topology of Eq. (21) is clear in
both distributions.

From these results we can easily see that the new topology introduces two different regions in the

mca distribution with a “cusp” at the boundary connecting both regions, located at
√
1− α mmax

ca .

Figure 3 shows the same distribution in both panels, but with respect to mca on the left panel and

with respect to m2
ca on the right panel. As we will argue later, the second option seems better

suited once spin correlations are taken into account, but in both plots, one observes that the cuspy

feature is quite clear.

3.2.1 Two Visible Particles

Consider first the simple case of only two visible particles in a decay chain. In the Z3 reaction

of Eq. (21), D is then the mother particle and A is DM. Clearly, we would find a cusp in the

invariant mass distribution of the two visible particles in the Z3 model, but not for the Z2 model

since the two visible particles must always be adjacent to each other in the latter case.9 Thus, the

presence/absence of cusp could used to distinguish Z3 and from Z2 models.

3.2.2 Generalization to More than Two SM Particles in Decay Chain

Of course, in general in both Z2 and Z3 models there will be more than two visible particles with

possibly some of them being identical, and this will undoubtedly complicate the analysis. For

example, in the reaction of Eq. (21), a, c, or both can be produced at some other place of the same

9Note that we are considering decay of a Z3 or Z2-charged mother. A Z2-uncharged, i.e., even, mother is allowed
to decay into two DM and can give a cusp in the invariant mass of two visible particles from such a decay [7].
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The Importance of Spin

F2(250)

S1(500)

S3(100)

Fa(0)

Fb(0)

Left Chiral

- Right Chiral

F2(250)

S1(500)

S3(100)

Fa(50)

Fb(50)

Left Chiral

- Right Chiral

F2(250)

S1(500)

S3(100)

Fa(0)

Fb(0)

Left Chiral

- Right Chiral

F2(250)

S1(500)

S3(100)

Fa(50)

Fb(50)

Left Chiral

- Right Chiral

S2(500)

S1(700)

S3(300)

Sa(0)

Sb(0)

S4(100)

Sc(0)

mab^2 mab

S2(500)

S1(700)

S3(300)

Sa(0)

Sb(100)

S4(100)

Sc(0)

mab^2 mab

Our signal process 

Invariant mass of Fa + Fb

Invariant mass of 1+2

pb/GeV

pb/GeV

1 3-body decays

According to the refereces [1] and [2], the normalized distribution with spin-correlation is given by

1

Γ
∂Γ
∂u

= θ(u)θ(1− u)f(u) (1)

where

u ≡ 1− cos θ(B)
12

2
. (2)

Here f(u) is a spin-correlation function, and θ(B)
12 is the opening angle between 1 and 2 in the rest

frame of particle B. It is not difficult to deduce the following relation using the same algebra in

[1].

(p1 + p2)
2 ≡ m2

12 = (mmax
12 )

2u (3)

Note that this relation is completely general in the sense that its form is the same even when 1 and

2 are massive. By chain rule, the distribution against the invariant mass squared (m2
12) is given by

1

Γ
dΓ

dm2
12

=
1

(mmax
12 )2

θ

�
m2

12

(mmax
12 )2

�
θ

�
1− m2

12

(mmax
12 )2

�
f

�
m2

12

(mmax
12 )2

�
. (4)

Here the role of two θ-functions is nothing else but to define the range of the distribution; (mmin
12 )

2 <

m2
12 < (mmax

12 )
2
. If we plot the distribution over f , not m2

12, we easily obtain a straight line. In this

sense, for 3-body decay processes we can find a suitable variable to reduce the plot to a straight line

whatever spin-correlation function is given. Naturally, the next issue is how to figure out f . So far,

we have considered a few extreme cases such that only one type of chiral coupling exists on a given

vertex. In reality, however, more complicated interactions could happen, that is, not-equally mixed

chiral couplings. According to the reference [3], spin correlation functions are just a polynomial

1
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According to the refereces [1] and [2], the normalized distribution with spin-correlation is given by
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= θ(u)θ(1− u)f(u) (1)

where

u ≡ 1− cos θ(B)
12

2
. (2)

Here f(u) is a spin-correlation function, and θ(B)
12 is the opening angle between 1 and 2 in the rest

frame of particle B. It is not difficult to deduce the following relation using the same algebra in

[1].

(p1 + p2)
2 ≡ m2

12 = (mmax
12 )

2u (3)

Note that this relation is completely general in the sense that its form is the same even when 1 and

2 are massive. By chain rule, the distribution against the invariant mass squared (m2
12) is given by
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�
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Here the role of two θ-functions is nothing else but to define the range of the distribution; (mmin
12 )

2 <

m2
12 < (mmax

12 )
2
. If we plot the distribution over f , not m2

12, we easily obtain a straight line. In this

sense, for 3-body decay processes we can find a suitable variable to reduce the plot to a straight line

whatever spin-correlation function is given. Naturally, the next issue is how to figure out f . So far,

we have considered a few extreme cases such that only one type of chiral coupling exists on a given

vertex. In reality, however, more complicated interactions could happen, that is, not-equally mixed

chiral couplings. According to the reference [3], spin correlation functions are just a polynomial
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we have considered a few extreme cases such that only one type of chiral coupling exists on a given

vertex. In reality, however, more complicated interactions could happen, that is, not-equally mixed
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chiral couplings. According to the reference [3], spin correlation functions are just a polynomial
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According to the refereces [1] and [2], the normalized distribution with spin-correlation is given by
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where

u ≡ 1− cos θ(B)
12
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Here f(u) is a spin-correlation function, and θ(B)
12 is the opening angle between 1 and 2 in the rest

frame of particle B. It is not difficult to deduce the following relation using the same algebra in

[1].
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12 = (mmax
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Note that this relation is completely general in the sense that its form is the same even when 1 and
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Here the role of two θ-functions is nothing else but to define the range of the distribution; (mmin
12 )

2 <

m2
12 < (mmax

12 )
2
. If we plot the distribution over f , not m2

12, we easily obtain a straight line. In this

sense, for 3-body decay processes we can find a suitable variable to reduce the plot to a straight line

whatever spin-correlation function is given. Naturally, the next issue is how to figure out f . So far,

we have considered a few extreme cases such that only one type of chiral coupling exists on a given

vertex. In reality, however, more complicated interactions could happen, that is, not-equally mixed

chiral couplings. According to the reference [3], spin correlation functions are just a polynomial

1

Our signal process
(with spin correlations) 

mDM ! 100"GeV

3502 4502 55021002 2002 3002 4002 5002
0

500

1000

1500

2000

2500

m2ca !GeV2"

Ev
en
ts
"p
er
"1
00
2 "
G
eV

2 "
Bi
n

Inv. mass distribution of a and c

Figure 4: Invariant mass distribution of particles a and c, from the decay chain shown in Eq. (21),
including spin correlations, and such that the intermediate particle C has spin 1 and the interme-
diate particle B has spin 1/2, and the couplings are chiral. The “cusp” in this distribution appears
more defined than in Figure 3 where spin correlations were not considered.

fitting method which we will show in the rest of this section. The basic idea is that the distribution

dΓ/dm2
ca of three-body decays in Z2 (i.e., one DM particle and two visible particles) can (almost)

always be fitted into a quadratic function in m2
ca, whereas the distribution of the new topology of

Z3 cannot not be fitted into a single quadratic function, that is, two different functions are required

for fitting each of the two sub-regions of the distribution. Let us see how this works for a Z2 model

(i.e., one DM and two visible particles) and a Z3 model (i.e., two DM and two visible particles) in

turn.

3.3.1 Z2 case: 1 DM + 2 Visible

We can again make use of the same angular variables considered earlier for the case of this 3-

body decay cascade, shown for example in Eq. (20). According to the references [18] and [19], the

normalized distribution including spin-correlations is given by

1

Γ

∂Γ

∂t
= θ(t)θ(1− t)f(t) (29)

where again we have defined the variable t as

t ≡
1− cos θ(B)

ba

2
. (30)

Here f(t) is a function of t and θ(B)
ba is the angle between particles a and b of Eq. (20) in the

rest frame of particle B. One then notes that m2
ba = (mmax

ba )2 t which basically means that the

15

• Exotic example:  B and C is spin 1 and 1/2.
Chiral couplings.
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we have considered a few extreme cases such that only one type of chiral coupling exists on a given

vertex. In reality, however, more complicated interactions could happen, that is, not-equally mixed
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including spin correlations, and such that the intermediate particle C has spin 1 and the interme-
diate particle B has spin 1/2, and the couplings are chiral. The “cusp” in this distribution appears
more defined than in Figure 3 where spin correlations were not considered.

fitting method which we will show in the rest of this section. The basic idea is that the distribution

dΓ/dm2
ca of three-body decays in Z2 (i.e., one DM particle and two visible particles) can (almost)

always be fitted into a quadratic function in m2
ca, whereas the distribution of the new topology of

Z3 cannot not be fitted into a single quadratic function, that is, two different functions are required

for fitting each of the two sub-regions of the distribution. Let us see how this works for a Z2 model

(i.e., one DM and two visible particles) and a Z3 model (i.e., two DM and two visible particles) in

turn.

3.3.1 Z2 case: 1 DM + 2 Visible

We can again make use of the same angular variables considered earlier for the case of this 3-

body decay cascade, shown for example in Eq. (20). According to the references [18] and [19], the

normalized distribution including spin-correlations is given by
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= θ(t)θ(1− t)f(t) (29)

where again we have defined the variable t as

t ≡
1− cos θ(B)
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Here f(t) is a function of t and θ(B)
ba is the angle between particles a and b of Eq. (20) in the

rest frame of particle B. One then notes that m2
ba = (mmax

ba )2 t which basically means that the
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• How does this feature hold up to acceptance
and detector cuts?

• Exotic example:  B and C is spin 1 and 1/2.
Chiral couplings.

Thursday, October 7, 2010



New Reconstruction w/ Cuts

• Consider the following processes:

sQ L

ljet

DM

l

sL

Figure 6: The topology of the primary decay chain. Here DM is the χ particle.

The topology of the primary decay chain is shown in Figure 6. The partial decay widths for the

sQ is

Γ1 =
λ2
1MQ

16π

√

1−
M2

DM

M2
Q

Γ2 =
λ2
2 MQ

16π

√

1−
M2

L

M2
Q

(47)

In the analysis, for simplicity, we set all of the Yukawa couplings to λ1 = λ2 = λ. We assume a

100% branching fraction of L → l sL and sL → lχ. In this model the gauge boson decays at one

loop. sL is the lightest partner; thus, fastest the decay rate goes as

Γ ∼
g2λ4

16π2

m13

M8M4
χ

(48)

where m, Mχ and M are the masses of the gauge boson, dark matter and sL, respectively. Here

λ is the coupling between the sL, χ and the SM lepton. We take λ to have a technically natural

value of λ ∼ 0.001 so the gauge boson is long lived. With the masses given in equation 46, we

have a lifetime of about 10−8 seconds. It should be noted that long-lived particles take about

∼ O(1) × 10−9 seconds to transverse the larger ATLAS detector. Thus, these gauge bosons will

register as missing energy. Even though the coupling is so small, the decay chain proceeds because

of the branching fractions. Finally, the signal is generated with the new gauge bosons, V , being

emitted from the decay chain in Figure 6. We list the topologies generated to order α in Figures 79-

83 in Appendix B. In sections 2 and 3, we have discussed the invariant mass distributions for dark

matter stabilized with a Z2 or Z3 stabilization symmetry with the virtual particles, respectively,

off- or on-shell. The present model presents a “hybrid” between the two pictures. This is because

emitting the long-lived gauge boson forces part of the decay chain off-shell. Emitting the new gauge

boson also causes these diagram to be suppressed because the virtual particles in the decay chain

must go off-shell. Because there are three new gauge bosons, the overall off-shell suppression is

enhanced by a multiplicity factor for each boson emitted.

4.1.2 Extracting the Signal

To get an estimate on the signal we first impose basic acceptance cuts which are consistent with

ATLAS and CMS studies of on- as well as off-shell SUSY decay chains. [13, 14] We require

|ηl| < 2.5, |ηj | < 2.5, (49)

∆Rll > 0.3, ∆Rlj, ∆Rjj > 0.4. (50)

22

sector to minimizes φ · η. SU(2)D scalar potential is

V = λ1

(

φ2 + λ7 φ · η − v21

)2

+ λ2

(

η2 + λ8 φ · η − v22

)2

+ λ3

(

φ2 + η2 − v21 − v22

)2

(44)

+ λ4(φ · η)2 + λ5 φ
3 + λ6 η

3.

which generates three new heavy gauge bosons as well as three additional higgses. In addition, we

add anomaly free scalar and fermions with the quantum numbers listed in Table 4.1. Constructing a

Particle SU(3)c SU(2)L SU(2)D U(1)Y

Q 3 1 2 1/3
sQ 3 1 2 1/3
L 1 2 2 -1/2
sL 1 2 2 -1/2
χ 1 1 2 0
sχ 1 1 2 0
Vµ 1 1 3 0
φ 1 1 3 0
η 1 1 3 0

Table 1: An effective, anomaly free particle spectrum that fills out a (5, 2)+(5̄, 2). The “s” prefactor
denotes a scalar particle. Here Vµ are the SU(2)D gauge bosons. We assume the mass of the Q and
sχ is heavy and integrated out. The rest of the spectrum mediates the decay chain in equation 45.

supersymmetry UV completion to this effective lagrangian is straightforward. Although the details

is beyond the scope of this paper, note a simple way to do so would be to augment minimum su-

persymmetric standard model with chiral superfields with the charges in Table 4.1. SUSY breaking

terms would then need to be constructed to lift the appropriate particles which will be integrated

out to generate the effective theory.

4.1.1 Production Rates at the LHC

As an example of the unique decay topologies generated by these models, we consider pair produc-

tion of new exotic heavy quarks, p p → QQ. The leading production mechanism is via QCD

p p → sQ∗ sQ+X → q χ sQ+X → q χ q l̄ l χ̄+X (45)

where X represents the beam remnant and other possible hadronic activity. The first sQ decays

via sQ∗ → q χ and the second decay to sQ → q l̄ l χ̄ which is a primary decay chain of study. The

charged leptons are l = e, µ. The signal is for two isolated leptons, two light quark jets and large

amounts of E/T . We take a mass spectrum of

mQ = 700 GeV mL = 650 GeV msL = 300 GeV mχ = 100 GeV mV = 100 GeV (46)

21
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Figures 79-82: Order α corrections by the SU(2)D gauge bosons to the decay chain in Figure 6.
See the model in section 4.1.

for 0 ≤ mca ≤ mmax
ca , where

umax = Max

(

1,
1

α

[

1−
m2

ca

(mmax
ca )2

])

. (77)

Now the above integral is easy to evaluate, and we finally obtain the distribution which was given

earlier in Eq. (25):

1

Γ

∂2Γ

∂m2
ca

=















1
(mmax

ca )2α ln
m2

C

m2
B

for 0 < mca <
√
1− αmmax

ca

1
(mmax

ca )2α ln (mmax
ca )2

m2
ca

for
√
1− αmmax

ca < mca < mmax
ca .

(78)

B. Signal Topologies from Section 4.1.1

In addition to the decay chain in figure 6 for the model presented in section 4.1, there are additional

corrections by the long-lived SU(2)D gauge bosons. The masses are listed in Eq. 46. As described

above, the virtual particles in the decay chain go slightly off-shell when emitting the new gauge

boson; however, because there are three of them, the additional multiplicity factor helps to amelio-

rate this suppression. In this appendix for each topology, we plot the invariant mass distributions

with the cuts in section 4.1.2.

35
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In the analysis, for simplicity, we set all of the Yukawa couplings to λ1 = λ2 = λ. We assume a

100% branching fraction of L → l sL and sL → lχ. In this model the gauge boson decays at one

loop. sL is the lightest partner; thus, fastest the decay rate goes as

Γ ∼
g2λ4

16π2

m13
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(48)

where m, Mχ and M are the masses of the gauge boson, dark matter and sL, respectively. Here

λ is the coupling between the sL, χ and the SM lepton. We take λ to have a technically natural

value of λ ∼ 0.001 so the gauge boson is long lived. With the masses given in equation 46, we

have a lifetime of about 10−8 seconds. It should be noted that long-lived particles take about

∼ O(1) × 10−9 seconds to transverse the larger ATLAS detector. Thus, these gauge bosons will

register as missing energy. Even though the coupling is so small, the decay chain proceeds because

of the branching fractions. Finally, the signal is generated with the new gauge bosons, V , being

emitted from the decay chain in Figure 6. We list the topologies generated to order α in Figures 79-

83 in Appendix B. In sections 2 and 3, we have discussed the invariant mass distributions for dark

matter stabilized with a Z2 or Z3 stabilization symmetry with the virtual particles, respectively,

off- or on-shell. The present model presents a “hybrid” between the two pictures. This is because

emitting the long-lived gauge boson forces part of the decay chain off-shell. Emitting the new gauge

boson also causes these diagram to be suppressed because the virtual particles in the decay chain

must go off-shell. Because there are three new gauge bosons, the overall off-shell suppression is

enhanced by a multiplicity factor for each boson emitted.

4.1.2 Extracting the Signal

To get an estimate on the signal we first impose basic acceptance cuts which are consistent with

ATLAS and CMS studies of on- as well as off-shell SUSY decay chains. [13, 14] We require

|ηl| < 2.5, |ηj | < 2.5, (49)

∆Rll > 0.3, ∆Rlj, ∆Rjj > 0.4. (50)
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sector to minimizes φ · η. SU(2)D scalar potential is

V = λ1

(

φ2 + λ7 φ · η − v21

)2

+ λ2

(

η2 + λ8 φ · η − v22

)2

+ λ3

(

φ2 + η2 − v21 − v22

)2

(44)

+ λ4(φ · η)2 + λ5 φ
3 + λ6 η

3.

which generates three new heavy gauge bosons as well as three additional higgses. In addition, we

add anomaly free scalar and fermions with the quantum numbers listed in Table 4.1. Constructing a

Particle SU(3)c SU(2)L SU(2)D U(1)Y

Q 3 1 2 1/3
sQ 3 1 2 1/3
L 1 2 2 -1/2
sL 1 2 2 -1/2
χ 1 1 2 0
sχ 1 1 2 0
Vµ 1 1 3 0
φ 1 1 3 0
η 1 1 3 0

Table 1: An effective, anomaly free particle spectrum that fills out a (5, 2)+(5̄, 2). The “s” prefactor
denotes a scalar particle. Here Vµ are the SU(2)D gauge bosons. We assume the mass of the Q and
sχ is heavy and integrated out. The rest of the spectrum mediates the decay chain in equation 45.

supersymmetry UV completion to this effective lagrangian is straightforward. Although the details

is beyond the scope of this paper, note a simple way to do so would be to augment minimum su-

persymmetric standard model with chiral superfields with the charges in Table 4.1. SUSY breaking

terms would then need to be constructed to lift the appropriate particles which will be integrated

out to generate the effective theory.

4.1.1 Production Rates at the LHC

As an example of the unique decay topologies generated by these models, we consider pair produc-

tion of new exotic heavy quarks, p p → QQ. The leading production mechanism is via QCD

p p → sQ∗ sQ+X → q χ sQ+X → q χ q l̄ l χ̄+X (45)

where X represents the beam remnant and other possible hadronic activity. The first sQ decays

via sQ∗ → q χ and the second decay to sQ → q l̄ l χ̄ which is a primary decay chain of study. The

charged leptons are l = e, µ. The signal is for two isolated leptons, two light quark jets and large

amounts of E/T . We take a mass spectrum of

mQ = 700 GeV mL = 650 GeV msL = 300 GeV mχ = 100 GeV mV = 100 GeV (46)
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Figures 79-82: Order α corrections by the SU(2)D gauge bosons to the decay chain in Figure 6.
See the model in section 4.1.

for 0 ≤ mca ≤ mmax
ca , where

umax = Max

(

1,
1

α

[

1−
m2

ca

(mmax
ca )2

])

. (77)

Now the above integral is easy to evaluate, and we finally obtain the distribution which was given

earlier in Eq. (25):
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B. Signal Topologies from Section 4.1.1

In addition to the decay chain in figure 6 for the model presented in section 4.1, there are additional

corrections by the long-lived SU(2)D gauge bosons. The masses are listed in Eq. 46. As described

above, the virtual particles in the decay chain go slightly off-shell when emitting the new gauge

boson; however, because there are three of them, the additional multiplicity factor helps to amelio-

rate this suppression. In this appendix for each topology, we plot the invariant mass distributions

with the cuts in section 4.1.2.
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The topology of the primary decay chain is shown in Figure 6. The partial decay widths for the

sQ is
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In the analysis, for simplicity, we set all of the Yukawa couplings to λ1 = λ2 = λ. We assume a

100% branching fraction of L → l sL and sL → lχ. In this model the gauge boson decays at one

loop. sL is the lightest partner; thus, fastest the decay rate goes as

Γ ∼
g2λ4

16π2

m13

M8M4
χ

(48)

where m, Mχ and M are the masses of the gauge boson, dark matter and sL, respectively. Here

λ is the coupling between the sL, χ and the SM lepton. We take λ to have a technically natural

value of λ ∼ 0.001 so the gauge boson is long lived. With the masses given in equation 46, we

have a lifetime of about 10−8 seconds. It should be noted that long-lived particles take about

∼ O(1) × 10−9 seconds to transverse the larger ATLAS detector. Thus, these gauge bosons will

register as missing energy. Even though the coupling is so small, the decay chain proceeds because

of the branching fractions. Finally, the signal is generated with the new gauge bosons, V , being

emitted from the decay chain in Figure 6. We list the topologies generated to order α in Figures 79-

83 in Appendix B. In sections 2 and 3, we have discussed the invariant mass distributions for dark

matter stabilized with a Z2 or Z3 stabilization symmetry with the virtual particles, respectively,

off- or on-shell. The present model presents a “hybrid” between the two pictures. This is because

emitting the long-lived gauge boson forces part of the decay chain off-shell. Emitting the new gauge

boson also causes these diagram to be suppressed because the virtual particles in the decay chain

must go off-shell. Because there are three new gauge bosons, the overall off-shell suppression is

enhanced by a multiplicity factor for each boson emitted.

4.1.2 Extracting the Signal

To get an estimate on the signal we first impose basic acceptance cuts which are consistent with

ATLAS and CMS studies of on- as well as off-shell SUSY decay chains. [13, 14] We require

|ηl| < 2.5, |ηj | < 2.5, (49)

∆Rll > 0.3, ∆Rlj, ∆Rjj > 0.4. (50)
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sector to minimizes φ · η. SU(2)D scalar potential is

V = λ1

(

φ2 + λ7 φ · η − v21

)2

+ λ2

(

η2 + λ8 φ · η − v22

)2

+ λ3

(

φ2 + η2 − v21 − v22

)2

(44)

+ λ4(φ · η)2 + λ5 φ
3 + λ6 η

3.

which generates three new heavy gauge bosons as well as three additional higgses. In addition, we

add anomaly free scalar and fermions with the quantum numbers listed in Table 4.1. Constructing a

Particle SU(3)c SU(2)L SU(2)D U(1)Y

Q 3 1 2 1/3
sQ 3 1 2 1/3
L 1 2 2 -1/2
sL 1 2 2 -1/2
χ 1 1 2 0
sχ 1 1 2 0
Vµ 1 1 3 0
φ 1 1 3 0
η 1 1 3 0

Table 1: An effective, anomaly free particle spectrum that fills out a (5, 2)+(5̄, 2). The “s” prefactor
denotes a scalar particle. Here Vµ are the SU(2)D gauge bosons. We assume the mass of the Q and
sχ is heavy and integrated out. The rest of the spectrum mediates the decay chain in equation 45.

supersymmetry UV completion to this effective lagrangian is straightforward. Although the details

is beyond the scope of this paper, note a simple way to do so would be to augment minimum su-

persymmetric standard model with chiral superfields with the charges in Table 4.1. SUSY breaking

terms would then need to be constructed to lift the appropriate particles which will be integrated

out to generate the effective theory.

4.1.1 Production Rates at the LHC

As an example of the unique decay topologies generated by these models, we consider pair produc-

tion of new exotic heavy quarks, p p → QQ. The leading production mechanism is via QCD

p p → sQ∗ sQ+X → q χ sQ+X → q χ q l̄ l χ̄+X (45)

where X represents the beam remnant and other possible hadronic activity. The first sQ decays

via sQ∗ → q χ and the second decay to sQ → q l̄ l χ̄ which is a primary decay chain of study. The

charged leptons are l = e, µ. The signal is for two isolated leptons, two light quark jets and large

amounts of E/T . We take a mass spectrum of

mQ = 700 GeV mL = 650 GeV msL = 300 GeV mχ = 100 GeV mV = 100 GeV (46)
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Figures 79-82: Order α corrections by the SU(2)D gauge bosons to the decay chain in Figure 6.
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for 0 ≤ mca ≤ mmax
ca , where

umax = Max
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1,
1
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Now the above integral is easy to evaluate, and we finally obtain the distribution which was given

earlier in Eq. (25):
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B. Signal Topologies from Section 4.1.1

In addition to the decay chain in figure 6 for the model presented in section 4.1, there are additional

corrections by the long-lived SU(2)D gauge bosons. The masses are listed in Eq. 46. As described

above, the virtual particles in the decay chain go slightly off-shell when emitting the new gauge

boson; however, because there are three of them, the additional multiplicity factor helps to amelio-

rate this suppression. In this appendix for each topology, we plot the invariant mass distributions

with the cuts in section 4.1.2.
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Figure 6: The topology of the primary decay chain. Here DM is the χ particle.

The topology of the primary decay chain is shown in Figure 6. The partial decay widths for the

sQ is

Γ1 =
λ2
1MQ

16π

√
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In the analysis, for simplicity, we set all of the Yukawa couplings to λ1 = λ2 = λ. We assume a

100% branching fraction of L → l sL and sL → lχ. In this model the gauge boson decays at one

loop. sL is the lightest partner; thus, fastest the decay rate goes as

Γ ∼
g2λ4

16π2

m13

M8M4
χ

(48)

where m, Mχ and M are the masses of the gauge boson, dark matter and sL, respectively. Here

λ is the coupling between the sL, χ and the SM lepton. We take λ to have a technically natural

value of λ ∼ 0.001 so the gauge boson is long lived. With the masses given in equation 46, we

have a lifetime of about 10−8 seconds. It should be noted that long-lived particles take about

∼ O(1) × 10−9 seconds to transverse the larger ATLAS detector. Thus, these gauge bosons will

register as missing energy. Even though the coupling is so small, the decay chain proceeds because

of the branching fractions. Finally, the signal is generated with the new gauge bosons, V , being

emitted from the decay chain in Figure 6. We list the topologies generated to order α in Figures 79-

83 in Appendix B. In sections 2 and 3, we have discussed the invariant mass distributions for dark

matter stabilized with a Z2 or Z3 stabilization symmetry with the virtual particles, respectively,

off- or on-shell. The present model presents a “hybrid” between the two pictures. This is because

emitting the long-lived gauge boson forces part of the decay chain off-shell. Emitting the new gauge

boson also causes these diagram to be suppressed because the virtual particles in the decay chain

must go off-shell. Because there are three new gauge bosons, the overall off-shell suppression is

enhanced by a multiplicity factor for each boson emitted.

4.1.2 Extracting the Signal

To get an estimate on the signal we first impose basic acceptance cuts which are consistent with

ATLAS and CMS studies of on- as well as off-shell SUSY decay chains. [13, 14] We require

|ηl| < 2.5, |ηj | < 2.5, (49)

∆Rll > 0.3, ∆Rlj, ∆Rjj > 0.4. (50)

22

sector to minimizes φ · η. SU(2)D scalar potential is

V = λ1

(

φ2 + λ7 φ · η − v21

)2
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(

η2 + λ8 φ · η − v22

)2

+ λ3

(

φ2 + η2 − v21 − v22

)2

(44)

+ λ4(φ · η)2 + λ5 φ
3 + λ6 η

3.

which generates three new heavy gauge bosons as well as three additional higgses. In addition, we

add anomaly free scalar and fermions with the quantum numbers listed in Table 4.1. Constructing a

Particle SU(3)c SU(2)L SU(2)D U(1)Y

Q 3 1 2 1/3
sQ 3 1 2 1/3
L 1 2 2 -1/2
sL 1 2 2 -1/2
χ 1 1 2 0
sχ 1 1 2 0
Vµ 1 1 3 0
φ 1 1 3 0
η 1 1 3 0

Table 1: An effective, anomaly free particle spectrum that fills out a (5, 2)+(5̄, 2). The “s” prefactor
denotes a scalar particle. Here Vµ are the SU(2)D gauge bosons. We assume the mass of the Q and
sχ is heavy and integrated out. The rest of the spectrum mediates the decay chain in equation 45.

supersymmetry UV completion to this effective lagrangian is straightforward. Although the details

is beyond the scope of this paper, note a simple way to do so would be to augment minimum su-

persymmetric standard model with chiral superfields with the charges in Table 4.1. SUSY breaking

terms would then need to be constructed to lift the appropriate particles which will be integrated

out to generate the effective theory.

4.1.1 Production Rates at the LHC

As an example of the unique decay topologies generated by these models, we consider pair produc-

tion of new exotic heavy quarks, p p → QQ. The leading production mechanism is via QCD

p p → sQ∗ sQ+X → q χ sQ+X → q χ q l̄ l χ̄+X (45)

where X represents the beam remnant and other possible hadronic activity. The first sQ decays

via sQ∗ → q χ and the second decay to sQ → q l̄ l χ̄ which is a primary decay chain of study. The

charged leptons are l = e, µ. The signal is for two isolated leptons, two light quark jets and large

amounts of E/T . We take a mass spectrum of

mQ = 700 GeV mL = 650 GeV msL = 300 GeV mχ = 100 GeV mV = 100 GeV (46)
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Figures 79-82: Order α corrections by the SU(2)D gauge bosons to the decay chain in Figure 6.
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Now the above integral is easy to evaluate, and we finally obtain the distribution which was given

earlier in Eq. (25):
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B. Signal Topologies from Section 4.1.1

In addition to the decay chain in figure 6 for the model presented in section 4.1, there are additional

corrections by the long-lived SU(2)D gauge bosons. The masses are listed in Eq. 46. As described

above, the virtual particles in the decay chain go slightly off-shell when emitting the new gauge

boson; however, because there are three of them, the additional multiplicity factor helps to amelio-

rate this suppression. In this appendix for each topology, we plot the invariant mass distributions

with the cuts in section 4.1.2.
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Figure 6: The topology of the primary decay chain. Here DM is the χ particle.

The topology of the primary decay chain is shown in Figure 6. The partial decay widths for the

sQ is

Γ1 =
λ2
1MQ

16π

√

1−
M2

DM

M2
Q

Γ2 =
λ2
2 MQ

16π

√

1−
M2

L

M2
Q

(47)

In the analysis, for simplicity, we set all of the Yukawa couplings to λ1 = λ2 = λ. We assume a

100% branching fraction of L → l sL and sL → lχ. In this model the gauge boson decays at one

loop. sL is the lightest partner; thus, fastest the decay rate goes as

Γ ∼
g2λ4

16π2

m13

M8M4
χ

(48)

where m, Mχ and M are the masses of the gauge boson, dark matter and sL, respectively. Here

λ is the coupling between the sL, χ and the SM lepton. We take λ to have a technically natural

value of λ ∼ 0.001 so the gauge boson is long lived. With the masses given in equation 46, we

have a lifetime of about 10−8 seconds. It should be noted that long-lived particles take about

∼ O(1) × 10−9 seconds to transverse the larger ATLAS detector. Thus, these gauge bosons will

register as missing energy. Even though the coupling is so small, the decay chain proceeds because

of the branching fractions. Finally, the signal is generated with the new gauge bosons, V , being

emitted from the decay chain in Figure 6. We list the topologies generated to order α in Figures 79-

83 in Appendix B. In sections 2 and 3, we have discussed the invariant mass distributions for dark

matter stabilized with a Z2 or Z3 stabilization symmetry with the virtual particles, respectively,

off- or on-shell. The present model presents a “hybrid” between the two pictures. This is because

emitting the long-lived gauge boson forces part of the decay chain off-shell. Emitting the new gauge

boson also causes these diagram to be suppressed because the virtual particles in the decay chain

must go off-shell. Because there are three new gauge bosons, the overall off-shell suppression is

enhanced by a multiplicity factor for each boson emitted.

4.1.2 Extracting the Signal

To get an estimate on the signal we first impose basic acceptance cuts which are consistent with

ATLAS and CMS studies of on- as well as off-shell SUSY decay chains. [13, 14] We require

|ηl| < 2.5, |ηj | < 2.5, (49)

∆Rll > 0.3, ∆Rlj, ∆Rjj > 0.4. (50)
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+ λ4(φ · η)2 + λ5 φ
3 + λ6 η

3.

which generates three new heavy gauge bosons as well as three additional higgses. In addition, we

add anomaly free scalar and fermions with the quantum numbers listed in Table 4.1. Constructing a

Particle SU(3)c SU(2)L SU(2)D U(1)Y

Q 3 1 2 1/3
sQ 3 1 2 1/3
L 1 2 2 -1/2
sL 1 2 2 -1/2
χ 1 1 2 0
sχ 1 1 2 0
Vµ 1 1 3 0
φ 1 1 3 0
η 1 1 3 0

Table 1: An effective, anomaly free particle spectrum that fills out a (5, 2)+(5̄, 2). The “s” prefactor
denotes a scalar particle. Here Vµ are the SU(2)D gauge bosons. We assume the mass of the Q and
sχ is heavy and integrated out. The rest of the spectrum mediates the decay chain in equation 45.

supersymmetry UV completion to this effective lagrangian is straightforward. Although the details

is beyond the scope of this paper, note a simple way to do so would be to augment minimum su-

persymmetric standard model with chiral superfields with the charges in Table 4.1. SUSY breaking

terms would then need to be constructed to lift the appropriate particles which will be integrated

out to generate the effective theory.

4.1.1 Production Rates at the LHC

As an example of the unique decay topologies generated by these models, we consider pair produc-

tion of new exotic heavy quarks, p p → QQ. The leading production mechanism is via QCD

p p → sQ∗ sQ+X → q χ sQ+X → q χ q l̄ l χ̄+X (45)

where X represents the beam remnant and other possible hadronic activity. The first sQ decays

via sQ∗ → q χ and the second decay to sQ → q l̄ l χ̄ which is a primary decay chain of study. The

charged leptons are l = e, µ. The signal is for two isolated leptons, two light quark jets and large

amounts of E/T . We take a mass spectrum of

mQ = 700 GeV mL = 650 GeV msL = 300 GeV mχ = 100 GeV mV = 100 GeV (46)
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Figures 79-82: Order α corrections by the SU(2)D gauge bosons to the decay chain in Figure 6.
See the model in section 4.1.
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Now the above integral is easy to evaluate, and we finally obtain the distribution which was given

earlier in Eq. (25):
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B. Signal Topologies from Section 4.1.1

In addition to the decay chain in figure 6 for the model presented in section 4.1, there are additional

corrections by the long-lived SU(2)D gauge bosons. The masses are listed in Eq. 46. As described

above, the virtual particles in the decay chain go slightly off-shell when emitting the new gauge

boson; however, because there are three of them, the additional multiplicity factor helps to amelio-

rate this suppression. In this appendix for each topology, we plot the invariant mass distributions

with the cuts in section 4.1.2.
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Figure 6: The topology of the primary decay chain. Here DM is the χ particle.

The topology of the primary decay chain is shown in Figure 6. The partial decay widths for the

sQ is
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In the analysis, for simplicity, we set all of the Yukawa couplings to λ1 = λ2 = λ. We assume a

100% branching fraction of L → l sL and sL → lχ. In this model the gauge boson decays at one

loop. sL is the lightest partner; thus, fastest the decay rate goes as

Γ ∼
g2λ4

16π2

m13

M8M4
χ

(48)

where m, Mχ and M are the masses of the gauge boson, dark matter and sL, respectively. Here

λ is the coupling between the sL, χ and the SM lepton. We take λ to have a technically natural

value of λ ∼ 0.001 so the gauge boson is long lived. With the masses given in equation 46, we

have a lifetime of about 10−8 seconds. It should be noted that long-lived particles take about

∼ O(1) × 10−9 seconds to transverse the larger ATLAS detector. Thus, these gauge bosons will

register as missing energy. Even though the coupling is so small, the decay chain proceeds because

of the branching fractions. Finally, the signal is generated with the new gauge bosons, V , being

emitted from the decay chain in Figure 6. We list the topologies generated to order α in Figures 79-

83 in Appendix B. In sections 2 and 3, we have discussed the invariant mass distributions for dark

matter stabilized with a Z2 or Z3 stabilization symmetry with the virtual particles, respectively,

off- or on-shell. The present model presents a “hybrid” between the two pictures. This is because

emitting the long-lived gauge boson forces part of the decay chain off-shell. Emitting the new gauge

boson also causes these diagram to be suppressed because the virtual particles in the decay chain

must go off-shell. Because there are three new gauge bosons, the overall off-shell suppression is

enhanced by a multiplicity factor for each boson emitted.

4.1.2 Extracting the Signal

To get an estimate on the signal we first impose basic acceptance cuts which are consistent with

ATLAS and CMS studies of on- as well as off-shell SUSY decay chains. [13, 14] We require

|ηl| < 2.5, |ηj | < 2.5, (49)

∆Rll > 0.3, ∆Rlj, ∆Rjj > 0.4. (50)
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where l and j are lepton and jets. ηa is the pseudorapidity of particle a. ∆Rab is defined as

∆Rab =
√

dη2ab + dφ2
ab where dηab and dφab is the difference in the pseudorapidity and transverse

angle of the detector between particles “a” and “b.” As described in the previous section, our

example signal has two leptons and jets as the SM final states. The primary SM background for

this signal is tt decays into two leptons. Additional backgrounds include QCD, W+ jets and Z+

jets events. ATLAS and CMS places additional cuts to reduce this as well as other SM backgrounds.

The model allows same-sign or opposite-sign dileptons in the final state. Since the purpose of this

section is to see the effect of the detector cuts on our signal, we choose the more conservative

opposite-sign dilepton cuts. We adopt cuts consistent with both collaborations by requiring

1. Two leptons with pT > 20 GeV

2. At least one leading jet with pT > 100 GeV and subleading jets with pT > 50 GeV

3. E/T > 100 GeV and E/T > 0.2Meff

4. Transverse sphericity ST > 0.2.

Here the missing energy (E/T ) is defined as

#E/T = #pT/ = −
∑

i

#pi T (51)

and i runs over the transverse momentum, pT , of the visible final state particles in the event. The

effective transverse mass, Meff , is defined as

Meff =
∑

i

Ei T + E/T (52)

where the sum runs over the measured transverse energy, ET , from the visible particles in the event.

Finally the transverse sphericity (ST ) is defined as

ST =
2λ2

λ1 + λ2
(53)

where λ1,2 are the eigenvalues of the 2× 2 sphericity tensor

Sij =
∑

κ

pκip
κj (54)

where κ runs over the number of final state jets and leptons. The other indices, i and j, run

over the pT components of each particle. Sij is evaluated for the final states with η < 2.5 and

pT > 20 GeV. ST ∼ 1 for approximately spherical events; QCD events are usually back-to-back

with ST ∼ 0. Generally, because our signal has three dark matter candidates per event, these cuts

could be optimized with larger E/T cuts. For direct comparison with ATLAS and CMS, we simulated

our signal with the cuts above. The ATLAS collaboration [13] finds the following backgrounds for
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• Detector effects:  Simple gaussian smearing

Background Events (1 fb−1)

tt 81.5
W+ jets 1.97
Z+ jets 1.20
QCD 0

Total SM 84.67

Table 2: SM backgrounds as computed by [13].

1 fb−1 of integrated luminosity In addition to these backgrounds, we have an additional irreducible

background when the Z2-like signal process, equation 45, emits Z boson which decay invisibly. The

invisible branching for Z bosons into neutrinos is 20%. [22] Finally, in our analysis we simulate

calorimetry responses for the energy measurements by adopting Gaussian smearing [13] with the

following parameters.

∆Ee

Ee
=

10%
√

Ee(GeV)
⊕ 0.7%,

∆Ej

Ej
=

50%
√

Ej(GeV)
⊕ 3%. (55)

4.1.3 Results
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Figure 7: Dilepton invariant mass (left panel) and invariant mass squared (right panel) distributions
for the topology in Figure 6. The cuts described in section 4.1.2 are applied.

We ran our monte-carlo for the LHC at 14 TeV center-of-mass energy for the signal process

in Figure 6. We used CTEQ 4M parton distribution functions [23]; and, all results are presented

at parton level. αs is computed at two-loop level. At zero order in the SU(2)D gauge coupling,

the model admits “Z2-like” topologies. We show the kinematic edge resulting from this topology

in Figure 7. We also include SM the dominant t̄t as well as the irreducible Z → ν̄ν backgrounds.
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Backgrounds
(in one transparency)

• Additional signal background:  
Invisible Z decays 
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Table 2: SM backgrounds as computed by [13].
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following parameters.
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Figure 7: Dilepton invariant mass (left panel) and invariant mass squared (right panel) distributions
for the topology in Figure 6. The cuts described in section 4.1.2 are applied.

We ran our monte-carlo for the LHC at 14 TeV center-of-mass energy for the signal process

in Figure 6. We used CTEQ 4M parton distribution functions [23]; and, all results are presented

at parton level. αs is computed at two-loop level. At zero order in the SU(2)D gauge coupling,

the model admits “Z2-like” topologies. We show the kinematic edge resulting from this topology

in Figure 7. We also include SM the dominant t̄t as well as the irreducible Z → ν̄ν backgrounds.
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New Reconstruction w/ Cuts

• Dilepton invariant mass 
(with additional diagrams and cuts)
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Figure 8: Dilepton invariant mass (left panel) and invariant mass squared (right panel) distributions
but with the first order corrections from the long-lived gauge bosons. The left panel features the
double kinematic edge. The edges are roughly separated by the 100 GeV gauge boson mass. The
Z2-like signal is also plotted for comparison as well as the backgrounds described in the figure
above. All of the topologies generated by the long-lived gauge bosons are listed and individually
plotted in Appendix B.

To order α in the SU(2)D coupling, we have six additional diagrams which generate corrections.

For completeness, in appendix B, we list all of the different topologies and plot each correction

before interfering the diagram to get Figure 8. Each diagram listed in the appendix is instructive

for the shape and position for each kinematic edge. The kinematic cuts listed in section 4.1.2 are

taken; the shapes of the distribution are generally preserved under the cuts. The total irreducible

background events from Z → ν̄ν and the dileption t̄t channel for 100 fb−1 is

BZ→ν̄ν = 98.5 Bt̄t = 56630 (56)

Additionally total signal events (Figure 8) for 100 fb−1

S = 4440 (57)

which generates the following signal-to-background ratio and statistical significance for signal ob-

servability

S/B = 0.08 S/
√
B = 18.6 (58)

4.2 Warped GUT

We present another very well-motivated Z3 model: for more details, see the original references

[24, 25]. This model is based on the framework of a warped extra dimension with the SM fields
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Figure 8: Dilepton invariant mass (left panel) and invariant mass squared (right panel) distributions
but with the first order corrections from the long-lived gauge bosons. The left panel features the
double kinematic edge. The edges are roughly separated by the 100 GeV gauge boson mass. The
Z2-like signal is also plotted for comparison as well as the backgrounds described in the figure
above. All of the topologies generated by the long-lived gauge bosons are listed and individually
plotted in Appendix B.

To order α in the SU(2)D coupling, we have six additional diagrams which generate corrections.

For completeness, in appendix B, we list all of the different topologies and plot each correction

before interfering the diagram to get Figure 8. Each diagram listed in the appendix is instructive

for the shape and position for each kinematic edge. The kinematic cuts listed in section 4.1.2 are

taken; the shapes of the distribution are generally preserved under the cuts. The total irreducible

background events from Z → ν̄ν and the dileption t̄t channel for 100 fb−1 is

BZ→ν̄ν = 98.5 Bt̄t = 56630 (56)

Additionally total signal events (Figure 8) for 100 fb−1

S = 4440 (57)

which generates the following signal-to-background ratio and statistical significance for signal ob-

servability

S/B = 0.08 S/
√
B = 18.6 (58)

4.2 Warped GUT

We present another very well-motivated Z3 model: for more details, see the original references

[24, 25]. This model is based on the framework of a warped extra dimension with the SM fields
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Many New Topologies

• So far focused on one topology

aDMc

D C B DM

D C B DM

acDM

D C B DM

DMac

(11)

(12)

(13)

Note that (as above) decay cascades involve a “charged-charged-charged” (under Z3 symmetry)

vertex (in addition to “charged-charged-neutral” vertices) in order to contain two DM particles in

the final state.

Assuming that the visible particles are massless, ma = mc = 0, the upper endpoints for each

topology are given by (See Appendix A) for details.):

(mmax
ca )2 =

2(m2
D −m2

C)(m
2
B −m2

DM)

m2
B +m2

C −m2
DM − λ1/2(m2

C ,m
2
B ,m

2
DM )

(

for Eq. (11)
)

(14)

(mmax
ca )2 =

(m2
C −m2

B)(m
2
B −m2

DM )

m2
B

(

for Eq. (12)
)

(15)

(mmax
ca )2 =

(m2
D −m2

C)(m
2
C −m2

B)

m2
C

(

for Eq. (13)
)

(16)

where λ is the well-known kinematic triangular function given in the form of

λ(x, y, z) = x2 + y2 + z2 − 2xy − 2yz − 2zx. (17)

The main point is that kinematic endpoints are functions of the masses of the mother, the DM and

the intermediate particles, and moreover, this dependence changes according to different topologies.

Thus, even if the intermediate particles involved in these decays of a given mother particle are the

same, one will still obtain multiple endpoints.5 Finally, if we combine decay chains with one and

two DM in the final state (even if the latter has just one topology), the difference between the two

endpoints will not lead to a direct measurement of the DM mass like in the off-shell decay case

because again, the mass of intermediate particles is one of the main ingredients to determine the

endpoints.

In Z2 models the decay topologies must have a single DM particle and that too at the end of the

decay chain because the vertices in the decay cascade are of the form “odd-odd-even” (under the

Z2 symmetry).6 Nevertheless, there can still be different topologies because of different ordering of

5Of course, the different possible decay topologies can, in general, have different intermediate states.
6Note that a similar argument applies to decay chains in Z3 models with only one DM in the final state.
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topology first. 
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account for them.

• Emphasize:  Models with “non-parity” stabilization 
symmetries can have more than one DM per leg. 
Use MT2 to tell the difference. 
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What is MT2?

• Basically the transverse mass:

particles (i.e., an invisible particle per decay chain) which are carrying missing momentum.4 This

is defined to be a minimization of the maximum of the two transverse masses in each decay chain

under the constraint that the sum of visible and missing transverse momenta vanishes [2, 3]:

MT2 ≡ min
p

v(1)
T

+p
v(2)
T

+ !pT =0

[

max
{

M (1)
T , M (2)

T

}]

(1)

where pv(i)
T denotes the vector sum of visible momenta and M (i)

T the usual transverse mass in ith

decay chain (i = 1, 2).

(

M (i)
T

)2
=

(

mv(i)
T

)2
+ m̃2 + 2

(

Ev(i)
T Ẽ(i)

T − pv(i)
T · p̃(i)

T

)

(2)

Here mv(i)
T , Ev(i)

T , and pv(i)
T are transverse mass, transverse energy, and transverse momentum

formed by all visible particles belonging to the same decay chain, respectively. The variables with

a tilde represent the corresponding quantities formed by the invisible particle in the same decay

chain. Note that the mass of the invisible particle m̃ can be regarded as a free parameter because

we are not aware of it in advance, and henceforth we denote it by “trial” DM mass. In this sense

MT2 can be considered to be a function of the trial DM mass m̃, and thus its maximum value

among many events is obviously a function of the trial DM mass (see Appendix for details).

Mmax
T2 (m̃) = max

many events
[MT2(m̃)] (3)

An important result to be noted is that if there are a sufficient number of events and the actual

DM mass is substituted into m̃, then the above-given Mmax
T2 becomes the actual mass of the pair-

produced mother particles [2]:

Mmax
T2 (m̃ = mDM ) = M (4)

where M and mDM indicate the true masses of mother and DM, respectively.

In order to see how this MT2 analysis is applied to more realistic situations, we first take the

case where there exists a single visible/SM particle in each decay chain, and then move on to the

case where there exist more than one visible/SM particle in each decay chain.

2.1 One visible/SM particle in each decay chain

In this case the upper edge in MT2 distribution is obatained by “balanced” [2, 3] solution.

Mmax
T2 = Mmax,bal

T2 =

√

(M2 − m2
DM )2

4M2
+

√

(M2 − m2
DM)2

4M2
+ m̃2 (5)

Here we assumed that all visible particles are massless for simplicity. One can easily find that the

above-given upper edge is a function of the trial DM mass m̃ and it is reduced to the true mother

mass M with m̃ equal to the true DM mass mDM as briefly discussed in the previous section.

4
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is defined to be a minimization of the maximum of the two transverse masses in each decay chain

under the constraint that the sum of visible and missing transverse momenta vanishes [2, 3]:

MT2 ≡ min
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+p
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+ !pT =0

[

max
{
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where pv(i)
T denotes the vector sum of visible momenta and M (i)

T the usual transverse mass in ith

decay chain (i = 1, 2).
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T Ẽ(i)

T − pv(i)
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Here mv(i)
T , Ev(i)

T , and pv(i)
T are transverse mass, transverse energy, and transverse momentum

formed by all visible particles belonging to the same decay chain, respectively. The variables with

a tilde represent the corresponding quantities formed by the invisible particle in the same decay

chain. Note that the mass of the invisible particle m̃ can be regarded as a free parameter because

we are not aware of it in advance, and henceforth we denote it by “trial” DM mass. In this sense

MT2 can be considered to be a function of the trial DM mass m̃, and thus its maximum value

among many events is obviously a function of the trial DM mass (see Appendix for details).

Mmax
T2 (m̃) = max

many events
[MT2(m̃)] (3)

An important result to be noted is that if there are a sufficient number of events and the actual

DM mass is substituted into m̃, then the above-given Mmax
T2 becomes the actual mass of the pair-

produced mother particles [2]:

Mmax
T2 (m̃ = mDM ) = M (4)

where M and mDM indicate the true masses of mother and DM, respectively.

In order to see how this MT2 analysis is applied to more realistic situations, we first take the

case where there exists a single visible/SM particle in each decay chain, and then move on to the

case where there exist more than one visible/SM particle in each decay chain.

2.1 One visible/SM particle in each decay chain

In this case the upper edge in MT2 distribution is obatained by “balanced” [2, 3] solution.

Mmax
T2 = Mmax,bal

T2 =

√

(M2 − m2
DM )2

4M2
+

√

(M2 − m2
DM)2

4M2
+ m̃2 (5)

Here we assumed that all visible particles are massless for simplicity. One can easily find that the

above-given upper edge is a function of the trial DM mass m̃ and it is reduced to the true mother

mass M with m̃ equal to the true DM mass mDM as briefly discussed in the previous section.
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What is MT2?

• Basically the transverse mass:

particles (i.e., an invisible particle per decay chain) which are carrying missing momentum.4 This

is defined to be a minimization of the maximum of the two transverse masses in each decay chain
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Here mv(i)
T , Ev(i)

T , and pv(i)
T are transverse mass, transverse energy, and transverse momentum

formed by all visible particles belonging to the same decay chain, respectively. The variables with

a tilde represent the corresponding quantities formed by the invisible particle in the same decay

chain. Note that the mass of the invisible particle m̃ can be regarded as a free parameter because

we are not aware of it in advance, and henceforth we denote it by “trial” DM mass. In this sense

MT2 can be considered to be a function of the trial DM mass m̃, and thus its maximum value

among many events is obviously a function of the trial DM mass (see Appendix for details).

Mmax
T2 (m̃) = max

many events
[MT2(m̃)] (3)

An important result to be noted is that if there are a sufficient number of events and the actual

DM mass is substituted into m̃, then the above-given Mmax
T2 becomes the actual mass of the pair-

produced mother particles [2]:

Mmax
T2 (m̃ = mDM ) = M (4)

where M and mDM indicate the true masses of mother and DM, respectively.

In order to see how this MT2 analysis is applied to more realistic situations, we first take the

case where there exists a single visible/SM particle in each decay chain, and then move on to the

case where there exist more than one visible/SM particle in each decay chain.

2.1 One visible/SM particle in each decay chain

In this case the upper edge in MT2 distribution is obatained by “balanced” [2, 3] solution.

Mmax
T2 = Mmax,bal

T2 =

√

(M2 − m2
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+

√
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4M2
+ m̃2 (5)

Here we assumed that all visible particles are massless for simplicity. One can easily find that the

above-given upper edge is a function of the trial DM mass m̃ and it is reduced to the true mother

mass M with m̃ equal to the true DM mass mDM as briefly discussed in the previous section.
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What is MT2?

• Basically the transverse mass:

particles (i.e., an invisible particle per decay chain) which are carrying missing momentum.4 This

is defined to be a minimization of the maximum of the two transverse masses in each decay chain

under the constraint that the sum of visible and missing transverse momenta vanishes [2, 3]:
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Here mv(i)
T , Ev(i)

T , and pv(i)
T are transverse mass, transverse energy, and transverse momentum

formed by all visible particles belonging to the same decay chain, respectively. The variables with

a tilde represent the corresponding quantities formed by the invisible particle in the same decay

chain. Note that the mass of the invisible particle m̃ can be regarded as a free parameter because

we are not aware of it in advance, and henceforth we denote it by “trial” DM mass. In this sense

MT2 can be considered to be a function of the trial DM mass m̃, and thus its maximum value

among many events is obviously a function of the trial DM mass (see Appendix for details).
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T2 (m̃) = max

many events
[MT2(m̃)] (3)

An important result to be noted is that if there are a sufficient number of events and the actual

DM mass is substituted into m̃, then the above-given Mmax
T2 becomes the actual mass of the pair-

produced mother particles [2]:

Mmax
T2 (m̃ = mDM ) = M (4)

where M and mDM indicate the true masses of mother and DM, respectively.

In order to see how this MT2 analysis is applied to more realistic situations, we first take the

case where there exists a single visible/SM particle in each decay chain, and then move on to the

case where there exist more than one visible/SM particle in each decay chain.

2.1 One visible/SM particle in each decay chain

In this case the upper edge in MT2 distribution is obatained by “balanced” [2, 3] solution.

Mmax
T2 = Mmax,bal

T2 =

√

(M2 − m2
DM )2

4M2
+

√

(M2 − m2
DM)2

4M2
+ m̃2 (5)

Here we assumed that all visible particles are massless for simplicity. One can easily find that the

above-given upper edge is a function of the trial DM mass m̃ and it is reduced to the true mother

mass M with m̃ equal to the true DM mass mDM as briefly discussed in the previous section.

4

Transverse energy

Visible transverse mass

Missing mass (or trial mass) Missing Transverse Energy

Thursday, October 7, 2010



What is MT2?

• Basically the transverse mass:

particles (i.e., an invisible particle per decay chain) which are carrying missing momentum.4 This

is defined to be a minimization of the maximum of the two transverse masses in each decay chain

under the constraint that the sum of visible and missing transverse momenta vanishes [2, 3]:
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[
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Here mv(i)
T , Ev(i)

T , and pv(i)
T are transverse mass, transverse energy, and transverse momentum

formed by all visible particles belonging to the same decay chain, respectively. The variables with

a tilde represent the corresponding quantities formed by the invisible particle in the same decay

chain. Note that the mass of the invisible particle m̃ can be regarded as a free parameter because

we are not aware of it in advance, and henceforth we denote it by “trial” DM mass. In this sense

MT2 can be considered to be a function of the trial DM mass m̃, and thus its maximum value

among many events is obviously a function of the trial DM mass (see Appendix for details).

Mmax
T2 (m̃) = max

many events
[MT2(m̃)] (3)

An important result to be noted is that if there are a sufficient number of events and the actual

DM mass is substituted into m̃, then the above-given Mmax
T2 becomes the actual mass of the pair-

produced mother particles [2]:

Mmax
T2 (m̃ = mDM ) = M (4)

where M and mDM indicate the true masses of mother and DM, respectively.

In order to see how this MT2 analysis is applied to more realistic situations, we first take the

case where there exists a single visible/SM particle in each decay chain, and then move on to the

case where there exist more than one visible/SM particle in each decay chain.

2.1 One visible/SM particle in each decay chain

In this case the upper edge in MT2 distribution is obatained by “balanced” [2, 3] solution.

Mmax
T2 = Mmax,bal

T2 =

√

(M2 − m2
DM )2

4M2
+

√

(M2 − m2
DM)2

4M2
+ m̃2 (5)

Here we assumed that all visible particles are massless for simplicity. One can easily find that the

above-given upper edge is a function of the trial DM mass m̃ and it is reduced to the true mother

mass M with m̃ equal to the true DM mass mDM as briefly discussed in the previous section.
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What is MT2?

• Basically the transverse mass:

particles (i.e., an invisible particle per decay chain) which are carrying missing momentum.4 This

is defined to be a minimization of the maximum of the two transverse masses in each decay chain

under the constraint that the sum of visible and missing transverse momenta vanishes [2, 3]:

MT2 ≡ min
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+p
v(2)
T

+ !pT =0

[

max
{

M (1)
T , M (2)

T

}]

(1)

where pv(i)
T denotes the vector sum of visible momenta and M (i)

T the usual transverse mass in ith

decay chain (i = 1, 2).
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)

(2)

Here mv(i)
T , Ev(i)

T , and pv(i)
T are transverse mass, transverse energy, and transverse momentum

formed by all visible particles belonging to the same decay chain, respectively. The variables with

a tilde represent the corresponding quantities formed by the invisible particle in the same decay

chain. Note that the mass of the invisible particle m̃ can be regarded as a free parameter because

we are not aware of it in advance, and henceforth we denote it by “trial” DM mass. In this sense

MT2 can be considered to be a function of the trial DM mass m̃, and thus its maximum value

among many events is obviously a function of the trial DM mass (see Appendix for details).

Mmax
T2 (m̃) = max

many events
[MT2(m̃)] (3)

An important result to be noted is that if there are a sufficient number of events and the actual

DM mass is substituted into m̃, then the above-given Mmax
T2 becomes the actual mass of the pair-

produced mother particles [2]:

Mmax
T2 (m̃ = mDM ) = M (4)

where M and mDM indicate the true masses of mother and DM, respectively.

In order to see how this MT2 analysis is applied to more realistic situations, we first take the

case where there exists a single visible/SM particle in each decay chain, and then move on to the

case where there exist more than one visible/SM particle in each decay chain.

2.1 One visible/SM particle in each decay chain

In this case the upper edge in MT2 distribution is obatained by “balanced” [2, 3] solution.

Mmax
T2 = Mmax,bal

T2 =

√

(M2 − m2
DM )2

4M2
+

√

(M2 − m2
DM)2

4M2
+ m̃2 (5)

Here we assumed that all visible particles are massless for simplicity. One can easily find that the

above-given upper edge is a function of the trial DM mass m̃ and it is reduced to the true mother

mass M with m̃ equal to the true DM mass mDM as briefly discussed in the previous section.
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What is MT2?

• Basically the transverse mass:

particles (i.e., an invisible particle per decay chain) which are carrying missing momentum.4 This

is defined to be a minimization of the maximum of the two transverse masses in each decay chain

under the constraint that the sum of visible and missing transverse momenta vanishes [2, 3]:

MT2 ≡ min
p

v(1)
T

+p
v(2)
T

+ !pT =0

[

max
{

M (1)
T , M (2)

T

}]

(1)

where pv(i)
T denotes the vector sum of visible momenta and M (i)

T the usual transverse mass in ith

decay chain (i = 1, 2).
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T Ẽ(i)
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T · p̃(i)
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)

(2)

Here mv(i)
T , Ev(i)

T , and pv(i)
T are transverse mass, transverse energy, and transverse momentum

formed by all visible particles belonging to the same decay chain, respectively. The variables with

a tilde represent the corresponding quantities formed by the invisible particle in the same decay

chain. Note that the mass of the invisible particle m̃ can be regarded as a free parameter because

we are not aware of it in advance, and henceforth we denote it by “trial” DM mass. In this sense

MT2 can be considered to be a function of the trial DM mass m̃, and thus its maximum value

among many events is obviously a function of the trial DM mass (see Appendix for details).

Mmax
T2 (m̃) = max

many events
[MT2(m̃)] (3)

An important result to be noted is that if there are a sufficient number of events and the actual

DM mass is substituted into m̃, then the above-given Mmax
T2 becomes the actual mass of the pair-

produced mother particles [2]:

Mmax
T2 (m̃ = mDM ) = M (4)

where M and mDM indicate the true masses of mother and DM, respectively.

In order to see how this MT2 analysis is applied to more realistic situations, we first take the

case where there exists a single visible/SM particle in each decay chain, and then move on to the

case where there exist more than one visible/SM particle in each decay chain.

2.1 One visible/SM particle in each decay chain

In this case the upper edge in MT2 distribution is obatained by “balanced” [2, 3] solution.

Mmax
T2 = Mmax,bal

T2 =

√

(M2 − m2
DM )2

4M2
+

√

(M2 − m2
DM)2

4M2
+ m̃2 (5)

Here we assumed that all visible particles are massless for simplicity. One can easily find that the

above-given upper edge is a function of the trial DM mass m̃ and it is reduced to the true mother

mass M with m̃ equal to the true DM mass mDM as briefly discussed in the previous section.

4

particles (i.e., an invisible particle per decay chain) which are carrying missing momentum.4 This

is defined to be a minimization of the maximum of the two transverse masses in each decay chain

under the constraint that the sum of visible and missing transverse momenta vanishes [2, 3]:
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T denotes the vector sum of visible momenta and M (i)
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T Ẽ(i)

T − pv(i)
T · p̃(i)

T

)

(2)

Here mv(i)
T , Ev(i)

T , and pv(i)
T are transverse mass, transverse energy, and transverse momentum

formed by all visible particles belonging to the same decay chain, respectively. The variables with

a tilde represent the corresponding quantities formed by the invisible particle in the same decay

chain. Note that the mass of the invisible particle m̃ can be regarded as a free parameter because

we are not aware of it in advance, and henceforth we denote it by “trial” DM mass. In this sense

MT2 can be considered to be a function of the trial DM mass m̃, and thus its maximum value

among many events is obviously a function of the trial DM mass (see Appendix for details).

Mmax
T2 (m̃) = max

many events
[MT2(m̃)] (3)

An important result to be noted is that if there are a sufficient number of events and the actual

DM mass is substituted into m̃, then the above-given Mmax
T2 becomes the actual mass of the pair-

produced mother particles [2]:

Mmax
T2 (m̃ = mDM ) = M (4)

where M and mDM indicate the true masses of mother and DM, respectively.

In order to see how this MT2 analysis is applied to more realistic situations, we first take the

case where there exists a single visible/SM particle in each decay chain, and then move on to the

case where there exist more than one visible/SM particle in each decay chain.

2.1 One visible/SM particle in each decay chain

In this case the upper edge in MT2 distribution is obatained by “balanced” [2, 3] solution.

Mmax
T2 = Mmax,bal

T2 =

√

(M2 − m2
DM )2

4M2
+

√

(M2 − m2
DM)2

4M2
+ m̃2 (5)

Here we assumed that all visible particles are massless for simplicity. One can easily find that the

above-given upper edge is a function of the trial DM mass m̃ and it is reduced to the true mother

mass M with m̃ equal to the true DM mass mDM as briefly discussed in the previous section.
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What is MT2?

• Basically the transverse mass:

particles (i.e., an invisible particle per decay chain) which are carrying missing momentum.4 This

is defined to be a minimization of the maximum of the two transverse masses in each decay chain

under the constraint that the sum of visible and missing transverse momenta vanishes [2, 3]:
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+ !pT =0

[

max
{

M (1)
T , M (2)

T

}]

(1)

where pv(i)
T denotes the vector sum of visible momenta and M (i)

T the usual transverse mass in ith

decay chain (i = 1, 2).
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Here mv(i)
T , Ev(i)

T , and pv(i)
T are transverse mass, transverse energy, and transverse momentum

formed by all visible particles belonging to the same decay chain, respectively. The variables with

a tilde represent the corresponding quantities formed by the invisible particle in the same decay

chain. Note that the mass of the invisible particle m̃ can be regarded as a free parameter because

we are not aware of it in advance, and henceforth we denote it by “trial” DM mass. In this sense

MT2 can be considered to be a function of the trial DM mass m̃, and thus its maximum value

among many events is obviously a function of the trial DM mass (see Appendix for details).

Mmax
T2 (m̃) = max

many events
[MT2(m̃)] (3)

An important result to be noted is that if there are a sufficient number of events and the actual

DM mass is substituted into m̃, then the above-given Mmax
T2 becomes the actual mass of the pair-

produced mother particles [2]:

Mmax
T2 (m̃ = mDM ) = M (4)

where M and mDM indicate the true masses of mother and DM, respectively.

In order to see how this MT2 analysis is applied to more realistic situations, we first take the

case where there exists a single visible/SM particle in each decay chain, and then move on to the

case where there exist more than one visible/SM particle in each decay chain.

2.1 One visible/SM particle in each decay chain

In this case the upper edge in MT2 distribution is obatained by “balanced” [2, 3] solution.

Mmax
T2 = Mmax,bal

T2 =

√

(M2 − m2
DM )2

4M2
+

√

(M2 − m2
DM)2

4M2
+ m̃2 (5)

Here we assumed that all visible particles are massless for simplicity. One can easily find that the

above-given upper edge is a function of the trial DM mass m̃ and it is reduced to the true mother

mass M with m̃ equal to the true DM mass mDM as briefly discussed in the previous section.
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particles (i.e., an invisible particle per decay chain) which are carrying missing momentum.4 This

is defined to be a minimization of the maximum of the two transverse masses in each decay chain

under the constraint that the sum of visible and missing transverse momenta vanishes [2, 3]:
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Here mv(i)
T , Ev(i)

T , and pv(i)
T are transverse mass, transverse energy, and transverse momentum

formed by all visible particles belonging to the same decay chain, respectively. The variables with

a tilde represent the corresponding quantities formed by the invisible particle in the same decay

chain. Note that the mass of the invisible particle m̃ can be regarded as a free parameter because

we are not aware of it in advance, and henceforth we denote it by “trial” DM mass. In this sense

MT2 can be considered to be a function of the trial DM mass m̃, and thus its maximum value

among many events is obviously a function of the trial DM mass (see Appendix for details).

Mmax
T2 (m̃) = max

many events
[MT2(m̃)] (3)

An important result to be noted is that if there are a sufficient number of events and the actual

DM mass is substituted into m̃, then the above-given Mmax
T2 becomes the actual mass of the pair-

produced mother particles [2]:

Mmax
T2 (m̃ = mDM ) = M (4)

where M and mDM indicate the true masses of mother and DM, respectively.

In order to see how this MT2 analysis is applied to more realistic situations, we first take the

case where there exists a single visible/SM particle in each decay chain, and then move on to the

case where there exist more than one visible/SM particle in each decay chain.

2.1 One visible/SM particle in each decay chain

In this case the upper edge in MT2 distribution is obatained by “balanced” [2, 3] solution.

Mmax
T2 = Mmax,bal

T2 =

√

(M2 − m2
DM )2

4M2
+

√

(M2 − m2
DM)2

4M2
+ m̃2 (5)

Here we assumed that all visible particles are massless for simplicity. One can easily find that the

above-given upper edge is a function of the trial DM mass m̃ and it is reduced to the true mother

mass M with m̃ equal to the true DM mass mDM as briefly discussed in the previous section.
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particles (i.e., an invisible particle per decay chain) which are carrying missing momentum.4 This

is defined to be a minimization of the maximum of the two transverse masses in each decay chain

under the constraint that the sum of visible and missing transverse momenta vanishes [2, 3]:
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T denotes the vector sum of visible momenta and M (i)
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Here mv(i)
T , Ev(i)

T , and pv(i)
T are transverse mass, transverse energy, and transverse momentum

formed by all visible particles belonging to the same decay chain, respectively. The variables with

a tilde represent the corresponding quantities formed by the invisible particle in the same decay

chain. Note that the mass of the invisible particle m̃ can be regarded as a free parameter because

we are not aware of it in advance, and henceforth we denote it by “trial” DM mass. In this sense

MT2 can be considered to be a function of the trial DM mass m̃, and thus its maximum value

among many events is obviously a function of the trial DM mass (see Appendix for details).

Mmax
T2 (m̃) = max

many events
[MT2(m̃)] (3)

An important result to be noted is that if there are a sufficient number of events and the actual

DM mass is substituted into m̃, then the above-given Mmax
T2 becomes the actual mass of the pair-

produced mother particles [2]:

Mmax
T2 (m̃ = mDM ) = M (4)

where M and mDM indicate the true masses of mother and DM, respectively.

In order to see how this MT2 analysis is applied to more realistic situations, we first take the

case where there exists a single visible/SM particle in each decay chain, and then move on to the

case where there exist more than one visible/SM particle in each decay chain.

2.1 One visible/SM particle in each decay chain

In this case the upper edge in MT2 distribution is obatained by “balanced” [2, 3] solution.
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T2 = Mmax,bal

T2 =

√

(M2 − m2
DM )2

4M2
+

√

(M2 − m2
DM)2

4M2
+ m̃2 (5)

Here we assumed that all visible particles are massless for simplicity. One can easily find that the

above-given upper edge is a function of the trial DM mass m̃ and it is reduced to the true mother

mass M with m̃ equal to the true DM mass mDM as briefly discussed in the previous section.

4

Maximum value over
 many events

Thursday, October 7, 2010



What is MT2?

• Basically the transverse mass:
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)
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• Minimize transverse mass for each decay leg
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where M and mDM indicate the true masses of mother and DM, respectively.
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In this case the upper edge in MT2 distribution is obatained by “balanced” [2, 3] solution.

Mmax
T2 = Mmax,bal

T2 =

√

(M2 − m2
DM )2

4M2
+
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What is MT2?
• Generates a “kink” structure for Z2 models:
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Figure 1: Theoretical expectation of Mmax
T2 versus the trial mass m̃ for Z2 events. The masses of

mother and DM particles are 400 GeV and 100 GeV, respectively. The left panel shows the case
where there exists only a single visible particle per chain. One can easily see that the Mmax

T2 at
m̃ = mDM = 100 GeV is the same as the true DM mass M = 400 GeV (see black dotted lines).
The right panel shows the case where there exist more than one visible particle per decay chain.
The solid black curve traces the overall upper edges, i.e., Mmax

T2 in m̃, and clearly there exists a
kink at m̃ = mDM = 100 GeV.

The left panel of Fig. 1 shows the theoretical prediction on the location of maximum MT2 for Z2

models according to the trial mass m̃. We employed 400 GeV and 100 GeV as mother and DM

particle masses. One can easily observe that the curve in the figure is “smoothly” increasing as m̃

is increasing, and that the corresponding Mmax
T2 value to m̃ = mDM (here 100 GeV) is the same as

the true mother particle mass (here 400 GeV) as expected (see the black dotted lines).

2.2 More than one visble/SM particle in each decay chain

Once there exist more than one visible particle per decay chain, another type of solution to MT2,

“unbalanced” solution [2, 3], arises. If it is assumed that the intermediate particles in the decay

chains are off -shell, the balanced solution is simply given by Eq. (5), and the unbalanced solution

is given as follows 5:

Mmax,unbal
T2 = M − mDM + m̃. (6)

4More generalized MT2 variable for the case where there exist more than 2 invisible particles in the final state has
been studied in some of the refereces [2]

5Of course, in general, one can find the expressions for both the balanced and the unbalanced solutions in the case
of on-shell intermediate particles [3].

5
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What is MT2?

• Generates a “kink” structure for “non-parity” models!
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Figure 2: Theoretical expectation of Mmax
T2 versus the trial mass m̃ for Z3 events. Again, the masses

of mother and DM particles are 400 GeV and 100 GeV, respectively. The left panel shows the case
where there exists only a single visible particle per chain. The black, red, and blue curves are
showing the corresponding Mmax

T2 values to E2, E3, and E4 type events over m̃, respectively. Only
E2 type events give the actual mother particle mass at m̃ = mDM = 100 GeV. On the other hand,
the right panel shows the case where there exist more than one visible particle per decay chain.
However, only the solid black and blue curves traces the overall upper edges, i.e., Mmax

T2 for E2 and
E4 type events. There occurs a kink with m̃ equal to mDM = 100 GeV and 2mDM = 200 GeV for
E2 and E4 type events, respectively. The corresponding plot for E3 type events can be found in
the next figure.

MT2 distribution together with the balanced solutions. Again, assuming the intermediate particles

are off -shell the maximum values of the balanced solutions for E2 and E4 type events are simply

given by Eqs. (8) and (10), respectively, and those of the unbalanced solutions are given as follows:

Mmax,unbal
T2,E2

= M − mDM + m̃ for E2 (12)

Mmax,unbal
T2,E4

= M − 2mDM + m̃ for E4. (13)

Here Eq. (12) is of exactly the same form as Eq. (6) due to the similarity between the decay

structures for Z2 events and E2 type events while Eq. (13) is new in Z3 models, i.e., not found in

Z2 models. More quantatatively, the above-given two equations differ by mDM for any given m̃

because one more DM particle is emitted in both decay chains for E4 type events compared with

E2 type events (see Eqs. (58) and (60) in the App. A). As mentioned for Z2 cases, by competition

between balanced and unbalanced solutions, the maximum MT2 values for E2 type events are given

8
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What is MT2?

• Generates a “kink” structure for “non-parity” models!
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Figure 2: Theoretical expectation of Mmax
T2 versus the trial mass m̃ for Z3 events. Again, the masses

of mother and DM particles are 400 GeV and 100 GeV, respectively. The left panel shows the case
where there exists only a single visible particle per chain. The black, red, and blue curves are
showing the corresponding Mmax

T2 values to E2, E3, and E4 type events over m̃, respectively. Only
E2 type events give the actual mother particle mass at m̃ = mDM = 100 GeV. On the other hand,
the right panel shows the case where there exist more than one visible particle per decay chain.
However, only the solid black and blue curves traces the overall upper edges, i.e., Mmax

T2 for E2 and
E4 type events. There occurs a kink with m̃ equal to mDM = 100 GeV and 2mDM = 200 GeV for
E2 and E4 type events, respectively. The corresponding plot for E3 type events can be found in
the next figure.

MT2 distribution together with the balanced solutions. Again, assuming the intermediate particles

are off -shell the maximum values of the balanced solutions for E2 and E4 type events are simply

given by Eqs. (8) and (10), respectively, and those of the unbalanced solutions are given as follows:

Mmax,unbal
T2,E2

= M − mDM + m̃ for E2 (12)

Mmax,unbal
T2,E4

= M − 2mDM + m̃ for E4. (13)

Here Eq. (12) is of exactly the same form as Eq. (6) due to the similarity between the decay

structures for Z2 events and E2 type events while Eq. (13) is new in Z3 models, i.e., not found in

Z2 models. More quantatatively, the above-given two equations differ by mDM for any given m̃

because one more DM particle is emitted in both decay chains for E4 type events compared with

E2 type events (see Eqs. (58) and (60) in the App. A). As mentioned for Z2 cases, by competition

between balanced and unbalanced solutions, the maximum MT2 values for E2 type events are given
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What is MT2?

• Generates a “kink” structure for “non-parity” models!
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Figure 2: Theoretical expectation of Mmax
T2 versus the trial mass m̃ for Z3 events. Again, the masses

of mother and DM particles are 400 GeV and 100 GeV, respectively. The left panel shows the case
where there exists only a single visible particle per chain. The black, red, and blue curves are
showing the corresponding Mmax

T2 values to E2, E3, and E4 type events over m̃, respectively. Only
E2 type events give the actual mother particle mass at m̃ = mDM = 100 GeV. On the other hand,
the right panel shows the case where there exist more than one visible particle per decay chain.
However, only the solid black and blue curves traces the overall upper edges, i.e., Mmax

T2 for E2 and
E4 type events. There occurs a kink with m̃ equal to mDM = 100 GeV and 2mDM = 200 GeV for
E2 and E4 type events, respectively. The corresponding plot for E3 type events can be found in
the next figure.

MT2 distribution together with the balanced solutions. Again, assuming the intermediate particles

are off -shell the maximum values of the balanced solutions for E2 and E4 type events are simply

given by Eqs. (8) and (10), respectively, and those of the unbalanced solutions are given as follows:

Mmax,unbal
T2,E2

= M − mDM + m̃ for E2 (12)

Mmax,unbal
T2,E4

= M − 2mDM + m̃ for E4. (13)

Here Eq. (12) is of exactly the same form as Eq. (6) due to the similarity between the decay

structures for Z2 events and E2 type events while Eq. (13) is new in Z3 models, i.e., not found in

Z2 models. More quantatatively, the above-given two equations differ by mDM for any given m̃

because one more DM particle is emitted in both decay chains for E4 type events compared with

E2 type events (see Eqs. (58) and (60) in the App. A). As mentioned for Z2 cases, by competition

between balanced and unbalanced solutions, the maximum MT2 values for E2 type events are given
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What is MT2?

• Generates a “kink” structure for “non-parity” models!
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Figure 2: Theoretical expectation of Mmax
T2 versus the trial mass m̃ for Z3 events. Again, the masses

of mother and DM particles are 400 GeV and 100 GeV, respectively. The left panel shows the case
where there exists only a single visible particle per chain. The black, red, and blue curves are
showing the corresponding Mmax

T2 values to E2, E3, and E4 type events over m̃, respectively. Only
E2 type events give the actual mother particle mass at m̃ = mDM = 100 GeV. On the other hand,
the right panel shows the case where there exist more than one visible particle per decay chain.
However, only the solid black and blue curves traces the overall upper edges, i.e., Mmax

T2 for E2 and
E4 type events. There occurs a kink with m̃ equal to mDM = 100 GeV and 2mDM = 200 GeV for
E2 and E4 type events, respectively. The corresponding plot for E3 type events can be found in
the next figure.

MT2 distribution together with the balanced solutions. Again, assuming the intermediate particles

are off -shell the maximum values of the balanced solutions for E2 and E4 type events are simply

given by Eqs. (8) and (10), respectively, and those of the unbalanced solutions are given as follows:

Mmax,unbal
T2,E2

= M − mDM + m̃ for E2 (12)

Mmax,unbal
T2,E4

= M − 2mDM + m̃ for E4. (13)

Here Eq. (12) is of exactly the same form as Eq. (6) due to the similarity between the decay

structures for Z2 events and E2 type events while Eq. (13) is new in Z3 models, i.e., not found in

Z2 models. More quantatatively, the above-given two equations differ by mDM for any given m̃

because one more DM particle is emitted in both decay chains for E4 type events compared with

E2 type events (see Eqs. (58) and (60) in the App. A). As mentioned for Z2 cases, by competition

between balanced and unbalanced solutions, the maximum MT2 values for E2 type events are given
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What is MT2?

• Generates a “kink” structure for “non-parity” models!
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Figure 2: Theoretical expectation of Mmax
T2 versus the trial mass m̃ for Z3 events. Again, the masses

of mother and DM particles are 400 GeV and 100 GeV, respectively. The left panel shows the case
where there exists only a single visible particle per chain. The black, red, and blue curves are
showing the corresponding Mmax

T2 values to E2, E3, and E4 type events over m̃, respectively. Only
E2 type events give the actual mother particle mass at m̃ = mDM = 100 GeV. On the other hand,
the right panel shows the case where there exist more than one visible particle per decay chain.
However, only the solid black and blue curves traces the overall upper edges, i.e., Mmax

T2 for E2 and
E4 type events. There occurs a kink with m̃ equal to mDM = 100 GeV and 2mDM = 200 GeV for
E2 and E4 type events, respectively. The corresponding plot for E3 type events can be found in
the next figure.

MT2 distribution together with the balanced solutions. Again, assuming the intermediate particles

are off -shell the maximum values of the balanced solutions for E2 and E4 type events are simply

given by Eqs. (8) and (10), respectively, and those of the unbalanced solutions are given as follows:

Mmax,unbal
T2,E2

= M − mDM + m̃ for E2 (12)

Mmax,unbal
T2,E4

= M − 2mDM + m̃ for E4. (13)

Here Eq. (12) is of exactly the same form as Eq. (6) due to the similarity between the decay

structures for Z2 events and E2 type events while Eq. (13) is new in Z3 models, i.e., not found in

Z2 models. More quantatatively, the above-given two equations differ by mDM for any given m̃

because one more DM particle is emitted in both decay chains for E4 type events compared with

E2 type events (see Eqs. (58) and (60) in the App. A). As mentioned for Z2 cases, by competition

between balanced and unbalanced solutions, the maximum MT2 values for E2 type events are given
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What is MT2?

• Highly dependent on properly reconstructing 
events. (Address this in the future).
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“Non-parity” and MT2

• Care required in seeing “non-parity signal” 
over Z2 bkg.
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“Non-parity” and MT2

• Care required in seeing “non-parity signal” 
over Z2 bkg.

• Define a ratio of the sum of the visible pT 
on each leg.
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Figure 8: MT2 distribution for combined E2 and E2 + ν events (1 : 2 ratio) before (left panel)
and after (right panel) the RPt

> 5 cut for the case with one visible particle per decay chain.
The mother mass is M = 400 GeV and the DM mass mDM = 150 GeV. The trial mass is chosen
to be m̃ = 25 GeV. The red (blue) solid lines represent the theoretical predictions for the upper
edges of MT2 distributions. The left panel shows that before the RPt

cut, the upper edge of MT2

distribution agrees with the theoretical prediction of E2 type events. The right panel shows that
after the RPt

cut, the upper edge of MT2 distribution is not changed.

5.1.2 More than one visible/SM particles in each decay chain

Next let us consider the case with more than one visible/SM particles per decay chain. To be

specific, we consider the case with two visible particles per decay chain. Similar analysis can be

done if there are more than two visible particles. To separate E2 and E3 type events, we consider

the ratio of Ht, where H i
t =

∑

a |P
vi

a

t | is the scalar sum of Pt’s of visible particles in the same decay

chain (assuming we know which particles come from which decay chain), and i = 1, 2 is the index

for the decay chains. Ht gives a measure of how energetic the visible particles are in each decay

chain. We define the Ht ratio as follows

RHt
=

Hmax
t

Hmin
t

, (27)

where Hmax
t = max(H1

t ,H2
t ) and Hmin

t = min(H1
t ,H2

t ). From similar reasons to the one visible

particle case discussed above, we expect that RHt
for E3 type events to be larger than that for

E2 type events on average. To illustrate this, we simulate E2, E3 and E2 + ν events for a model

with M = 400 GeV and mDM = 150 GeV using MadGraph/MadEvent. The results for the RHt

distribution for different types of events are shown in Fig. 9. It can be seen that these distributions

are very similar to the RPt
distributions for the one visible particle case shown in Fig. 5. The RHt

for E3 type events is on average larger than that of E2 + ν events, which in turn is on average

larger than that for E2 type events. The survival rates for E2, E3 and E2 + ν events for the cut
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Figure 11: MT2 distribution for combined E2 and E3 type events (1 : 2 ratio) before (left panel)
and after (right panel) the RHt

> 3 cut for the case with two visible particles per decay chain.
The mother mass is M = 400 GeV and the DM mass mDM = 150 GeV. The trial mass is chosen
to be m̃ = 9 GeV. The red (blue) solid lines represent the theoretical predictions for the upper
edges of MT2 distributions. The left panel shows that before the RHt

cut, the upper edge of MT2

distribution agrees with the theoretical prediction of E2 type events. The right panel shows that
after the RHt

cut, the upper edge of MT2 distribution gets reduced to near the theoretical prediction
of E3 type events. This reduction of Mmax

T2 can be regarded as a signal for Z3 models.
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Figure 12: MT2 distribution for combined E2 and E2 + ν events (1 : 2 ratio) before (left panel)
and after (right panel) the RHt

> 3 cut for the case with two visible particles per decay chain.
The mother mass is M = 400 GeV and the DM mass mDM = 150 GeV. The trial mass is chosen
to be m̃ = 9 GeV. The red (blue) solid lines represent the theoretical predictions for the upper
edges of MT2 distributions. The left panel shows that before the RHt

cut, the upper edge of MT2

distribution agrees with the theoretical prediction of E2 type events. The right panel shows that
after the RHt

cut, the upper edge of MT2 distribution is not changed.
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Part III:  Signatures with 
Metastable Particles
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• Do not decay in the LHC’s detectors.

• Charged under the SM and dark matter 
stabilization symmetry.

• Lifetime consistent with known bounds.* 

* Perl, Kim Halyo, Lee, Lee, Loomba and Lackner, 

  Int. J. Mod. Phys. A16 2137 (2001).

What is a Meta-Stable Particle? 
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Key Points

• Signal:  Final states with two meta-stable particles
           plus large missing energy at the LHC. 
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• Claim:  Models with parity stabilized dark matter 
           are generally suppressed and   
           distinguishable from models with “non-    
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Key Points

• Signal:  Final states with two meta-stable particles
           plus large missing energy at the LHC. 

• Claim:  Models with parity stabilized dark matter 
           are generally suppressed and   
           distinguishable from models with “non-    
           parity” dark matter.  

           • Strategy:  Focus on parity stabilized models to
              see the differences.
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Simple Claim Again...
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• Diagram rarely happens even for final states with two 
metastable particles plus an even number of DM.   
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Simple Claim Again...

odd

odd

even odd

• Diagram rarely happens even for final states with two 
metastable particles plus an even number of DM.   

Meta-stable particles

Dark Matter

• Add new particles to prove this...
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All Possible Relevant Couplings
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Many popular models of new physics beyond the Standard Model use a parity to stabilize weakly
interacting, dark matter candidates. We examine the potential for the CERN Large Hadron Col-
lider to distinguish models with parity stabilized dark matter from models in which the dark matter
is stabilized by other symmetries. In this letter, we focus on signatures involving long-lived par-
ticles and large amounts of missing transverse energy. To illustrate these signatures, we consider
three models from the literature which are representative of a more general class of models with
non-traditional stabilization symmetries. The most optimistic scenario can observe the proposed
signature with a minimum of 10 fb−1 of integrated luminosity at design center of mass energy. It
will probably take considerably longer to validate the stabilizing symmetry is not a simple parity.
In all, we emphasize that the underlying symmetry that stabilizes weakly interacting dark matter
has tremendous implications for the LHC and our understanding of the nature of dark matter.

There is an overwhelming amount of evidence for the
existence of dark matter (DM). Numerous astrophysical,
cosmological and direct detection experiments [1] provide
a consensus picture: viable dark matter candidates must
be stable, neutral under the Standard Model (SM), non-
relativistic at redshifts of z ∼ 3000 and generate the mea-
sured relic abundance of h2 ΩDM = 0.1131 ± 0.0034 [2].
These requirements are general and upon implementation
provide a plethora of models with viable DM candidates.
The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We

∗Email Address: dgwalker@berkeley.edu.
1 In addition to long-lived particles, one can also study decay

chains of particles charged under “non-parity” stabilization sym-
metries. The result is specific kinematical distributions that are
distinct from traditional parity stabilized models. We explore
this research direction in the collaboration of [10]. In a separate
collaboration [11], we focus on showing how the LHC can distin-
guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
sectors can be the source of the dark matter candidates.

next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.

I. SIGNAL SUPPRESSION FOR PARITY
STABILIZED MODELS

In this section we provide inductive reasoning to sup-
port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-
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metries. The result is specific kinematical distributions that are
distinct from traditional parity stabilized models. We explore
this research direction in the collaboration of [10]. In a separate
collaboration [11], we focus on showing how the LHC can distin-
guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
sectors can be the source of the dark matter candidates.

next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.
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In this section we provide inductive reasoning to sup-
port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-
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sured relic abundance of h2 ΩDM = 0.1131 ± 0.0034 [2].
These requirements are general and upon implementation
provide a plethora of models with viable DM candidates.
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Higgs and extra-dimensional scenarios, typically stabilize
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9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2
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served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We

∗Email Address: dgwalker@berkeley.edu.
1 In addition to long-lived particles, one can also study decay

chains of particles charged under “non-parity” stabilization sym-
metries. The result is specific kinematical distributions that are
distinct from traditional parity stabilized models. We explore
this research direction in the collaboration of [10]. In a separate
collaboration [11], we focus on showing how the LHC can distin-
guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
sectors can be the source of the dark matter candidates.

next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
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Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
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is quantified for example effective theories in Section IV.
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cluding the SM backgrounds, detector and acceptance
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ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
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is quantified for example effective theories in Section IV.
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port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-
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There is an overwhelming amount of evidence for the
existence of dark matter (DM). Numerous astrophysical,
cosmological and direct detection experiments [1] provide
a consensus picture: viable dark matter candidates must
be stable, neutral under the Standard Model (SM), non-
relativistic at redshifts of z ∼ 3000 and generate the mea-
sured relic abundance of h2 ΩDM = 0.1131 ± 0.0034 [2].
These requirements are general and upon implementation
provide a plethora of models with viable DM candidates.
The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We
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chains of particles charged under “non-parity” stabilization sym-
metries. The result is specific kinematical distributions that are
distinct from traditional parity stabilized models. We explore
this research direction in the collaboration of [10]. In a separate
collaboration [11], we focus on showing how the LHC can distin-
guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
sectors can be the source of the dark matter candidates.

next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.
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ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
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Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
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ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
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DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
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cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
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There is an overwhelming amount of evidence for the
existence of dark matter (DM). Numerous astrophysical,
cosmological and direct detection experiments [1] provide
a consensus picture: viable dark matter candidates must
be stable, neutral under the Standard Model (SM), non-
relativistic at redshifts of z ∼ 3000 and generate the mea-
sured relic abundance of h2 ΩDM = 0.1131 ± 0.0034 [2].
These requirements are general and upon implementation
provide a plethora of models with viable DM candidates.
The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We
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chains of particles charged under “non-parity” stabilization sym-
metries. The result is specific kinematical distributions that are
distinct from traditional parity stabilized models. We explore
this research direction in the collaboration of [10]. In a separate
collaboration [11], we focus on showing how the LHC can distin-
guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
sectors can be the source of the dark matter candidates.

next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.

I. SIGNAL SUPPRESSION FOR PARITY
STABILIZED MODELS

In this section we provide inductive reasoning to sup-
port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-
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DM is stabilized by a symmetry other than a Z2; there
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Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
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is quantified for example effective theories in Section IV.
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The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We
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chains of particles charged under “non-parity” stabilization sym-
metries. The result is specific kinematical distributions that are
distinct from traditional parity stabilized models. We explore
this research direction in the collaboration of [10]. In a separate
collaboration [11], we focus on showing how the LHC can distin-
guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
sectors can be the source of the dark matter candidates.

next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.

I. SIGNAL SUPPRESSION FOR PARITY
STABILIZED MODELS

In this section we provide inductive reasoning to sup-
port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-
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ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
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cluding the SM backgrounds, detector and acceptance
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ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
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is quantified for example effective theories in Section IV.
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tistical significance for the “non-parity” signal processes
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ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
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long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
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metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
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cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
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ticles and large amounts of missing transverse energy. To illustrate these signatures, we consider
three models from the literature which are representative of a more general class of models with
non-traditional stabilization symmetries. The most optimistic scenario can observe the proposed
signature with a minimum of 10 fb−1 of integrated luminosity at design center of mass energy. It
will probably take considerably longer to validate the stabilizing symmetry is not a simple parity.
In all, we emphasize that the underlying symmetry that stabilizes weakly interacting dark matter
has tremendous implications for the LHC and our understanding of the nature of dark matter.

There is an overwhelming amount of evidence for the
existence of dark matter (DM). Numerous astrophysical,
cosmological and direct detection experiments [1] provide
a consensus picture: viable dark matter candidates must
be stable, neutral under the Standard Model (SM), non-
relativistic at redshifts of z ∼ 3000 and generate the mea-
sured relic abundance of h2 ΩDM = 0.1131 ± 0.0034 [2].
These requirements are general and upon implementation
provide a plethora of models with viable DM candidates.
The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We
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guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
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next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.
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tries. These arguments are valid for signatures of two
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dark matter, χ. Below the cutoff Λ, we include the SM,
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require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
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In our scenario, this means a final state involving ψ∗ψ,
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DM is stabilized by a symmetry other than a Z2; there
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Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
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tistical significance for the “non-parity” signal processes
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Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
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is quantified for example effective theories in Section IV.
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cluding the SM backgrounds, detector and acceptance
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ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
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Z2 stabilized models for the signal of two observed long-
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metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-
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There is an overwhelming amount of evidence for the
existence of dark matter (DM). Numerous astrophysical,
cosmological and direct detection experiments [1] provide
a consensus picture: viable dark matter candidates must
be stable, neutral under the Standard Model (SM), non-
relativistic at redshifts of z ∼ 3000 and generate the mea-
sured relic abundance of h2 ΩDM = 0.1131 ± 0.0034 [2].
These requirements are general and upon implementation
provide a plethora of models with viable DM candidates.
The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We
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distinct from traditional parity stabilized models. We explore
this research direction in the collaboration of [10]. In a separate
collaboration [11], we focus on showing how the LHC can distin-
guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
sectors can be the source of the dark matter candidates.

next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.
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ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
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Z2 stabilized models for the signal of two observed long-
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ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
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lived particles plus large amounts of missing transverse
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is quantified for example effective theories in Section IV.
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example processes that generate the signal are provided.
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cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
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is quantified for example effective theories in Section IV.
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There is an overwhelming amount of evidence for the
existence of dark matter (DM). Numerous astrophysical,
cosmological and direct detection experiments [1] provide
a consensus picture: viable dark matter candidates must
be stable, neutral under the Standard Model (SM), non-
relativistic at redshifts of z ∼ 3000 and generate the mea-
sured relic abundance of h2 ΩDM = 0.1131 ± 0.0034 [2].
These requirements are general and upon implementation
provide a plethora of models with viable DM candidates.
The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We
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chains of particles charged under “non-parity” stabilization sym-
metries. The result is specific kinematical distributions that are
distinct from traditional parity stabilized models. We explore
this research direction in the collaboration of [10]. In a separate
collaboration [11], we focus on showing how the LHC can distin-
guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
sectors can be the source of the dark matter candidates.

next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.

I. SIGNAL SUPPRESSION FOR PARITY
STABILIZED MODELS

In this section we provide inductive reasoning to sup-
port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-
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cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
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ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
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is quantified for example effective theories in Section IV.
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DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.
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provide a plethora of models with viable DM candidates.
The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We
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chains of particles charged under “non-parity” stabilization sym-
metries. The result is specific kinematical distributions that are
distinct from traditional parity stabilized models. We explore
this research direction in the collaboration of [10]. In a separate
collaboration [11], we focus on showing how the LHC can distin-
guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
sectors can be the source of the dark matter candidates.

next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.

I. SIGNAL SUPPRESSION FOR PARITY
STABILIZED MODELS

In this section we provide inductive reasoning to sup-
port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-
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ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
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cluding the SM backgrounds, detector and acceptance
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ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
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is quantified for example effective theories in Section IV.
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collaboration [11], we focus on showing how the LHC can distin-
guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
sectors can be the source of the dark matter candidates.

next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.

I. SIGNAL SUPPRESSION FOR PARITY
STABILIZED MODELS

In this section we provide inductive reasoning to sup-
port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-
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There is an overwhelming amount of evidence for the
existence of dark matter (DM). Numerous astrophysical,
cosmological and direct detection experiments [1] provide
a consensus picture: viable dark matter candidates must
be stable, neutral under the Standard Model (SM), non-
relativistic at redshifts of z ∼ 3000 and generate the mea-
sured relic abundance of h2 ΩDM = 0.1131 ± 0.0034 [2].
These requirements are general and upon implementation
provide a plethora of models with viable DM candidates.
The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We
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ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.

I. SIGNAL SUPPRESSION FOR PARITY
STABILIZED MODELS

In this section we provide inductive reasoning to sup-
port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-

UCB-PTH-09/24

Dark Matter Stabilization Symmetries and Long-Lived Particles
at the Large Hadron Collider

Devin G. E. Walker∗

Department of Physics, University of California, Berkeley, CA 94720, U.S.A,
Theoretical Physics Group, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, U.S.A.

Many popular models of new physics beyond the Standard Model use a parity to stabilize weakly
interacting, dark matter candidates. We examine the potential for the CERN Large Hadron Col-
lider to distinguish models with parity stabilized dark matter from models in which the dark matter
is stabilized by other symmetries. In this letter, we focus on signatures involving long-lived par-
ticles and large amounts of missing transverse energy. To illustrate these signatures, we consider
three models from the literature which are representative of a more general class of models with
non-traditional stabilization symmetries. The most optimistic scenario can observe the proposed
signature with a minimum of 10 fb−1 of integrated luminosity at design center of mass energy. It
will probably take considerably longer to validate the stabilizing symmetry is not a simple parity.
In all, we emphasize that the underlying symmetry that stabilizes weakly interacting dark matter
has tremendous implications for the LHC and our understanding of the nature of dark matter.

There is an overwhelming amount of evidence for the
existence of dark matter (DM). Numerous astrophysical,
cosmological and direct detection experiments [1] provide
a consensus picture: viable dark matter candidates must
be stable, neutral under the Standard Model (SM), non-
relativistic at redshifts of z ∼ 3000 and generate the mea-
sured relic abundance of h2 ΩDM = 0.1131 ± 0.0034 [2].
These requirements are general and upon implementation
provide a plethora of models with viable DM candidates.
The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We

∗Email Address: dgwalker@berkeley.edu.
1 In addition to long-lived particles, one can also study decay

chains of particles charged under “non-parity” stabilization sym-
metries. The result is specific kinematical distributions that are
distinct from traditional parity stabilized models. We explore
this research direction in the collaboration of [10]. In a separate
collaboration [11], we focus on showing how the LHC can distin-
guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
sectors can be the source of the dark matter candidates.

next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
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example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
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served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
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ment, we devote the next section to show how this signal
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example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
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cluding the SM backgrounds, detector and acceptance
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ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
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lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
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long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-
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three models from the literature which are representative of a more general class of models with
non-traditional stabilization symmetries. The most optimistic scenario can observe the proposed
signature with a minimum of 10 fb−1 of integrated luminosity at design center of mass energy. It
will probably take considerably longer to validate the stabilizing symmetry is not a simple parity.
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There is an overwhelming amount of evidence for the
existence of dark matter (DM). Numerous astrophysical,
cosmological and direct detection experiments [1] provide
a consensus picture: viable dark matter candidates must
be stable, neutral under the Standard Model (SM), non-
relativistic at redshifts of z ∼ 3000 and generate the mea-
sured relic abundance of h2 ΩDM = 0.1131 ± 0.0034 [2].
These requirements are general and upon implementation
provide a plethora of models with viable DM candidates.
The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We
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chains of particles charged under “non-parity” stabilization sym-
metries. The result is specific kinematical distributions that are
distinct from traditional parity stabilized models. We explore
this research direction in the collaboration of [10]. In a separate
collaboration [11], we focus on showing how the LHC can distin-
guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
sectors can be the source of the dark matter candidates.

next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.
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ticles and large amounts of missing transverse energy. To illustrate these signatures, we consider
three models from the literature which are representative of a more general class of models with
non-traditional stabilization symmetries. The most optimistic scenario can observe the proposed
signature with a minimum of 10 fb−1 of integrated luminosity at design center of mass energy. It
will probably take considerably longer to validate the stabilizing symmetry is not a simple parity.
In all, we emphasize that the underlying symmetry that stabilizes weakly interacting dark matter
has tremendous implications for the LHC and our understanding of the nature of dark matter.

There is an overwhelming amount of evidence for the
existence of dark matter (DM). Numerous astrophysical,
cosmological and direct detection experiments [1] provide
a consensus picture: viable dark matter candidates must
be stable, neutral under the Standard Model (SM), non-
relativistic at redshifts of z ∼ 3000 and generate the mea-
sured relic abundance of h2 ΩDM = 0.1131 ± 0.0034 [2].
These requirements are general and upon implementation
provide a plethora of models with viable DM candidates.
The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We
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chains of particles charged under “non-parity” stabilization sym-
metries. The result is specific kinematical distributions that are
distinct from traditional parity stabilized models. We explore
this research direction in the collaboration of [10]. In a separate
collaboration [11], we focus on showing how the LHC can distin-
guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
sectors can be the source of the dark matter candidates.

next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.

I. SIGNAL SUPPRESSION FOR PARITY
STABILIZED MODELS

In this section we provide inductive reasoning to sup-
port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-
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the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We
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chains of particles charged under “non-parity” stabilization sym-
metries. The result is specific kinematical distributions that are
distinct from traditional parity stabilized models. We explore
this research direction in the collaboration of [10]. In a separate
collaboration [11], we focus on showing how the LHC can distin-
guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
sectors can be the source of the dark matter candidates.

next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.

I. SIGNAL SUPPRESSION FOR PARITY
STABILIZED MODELS

In this section we provide inductive reasoning to sup-
port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-
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ATLAS and CMS detectors. The relative suppression of
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The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
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cluding the SM backgrounds, detector and acceptance
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ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
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Higgs and extra-dimensional scenarios, typically stabilize
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served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
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ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We

∗Email Address: dgwalker@berkeley.edu.
1 In addition to long-lived particles, one can also study decay

chains of particles charged under “non-parity” stabilization sym-
metries. The result is specific kinematical distributions that are
distinct from traditional parity stabilized models. We explore
this research direction in the collaboration of [10]. In a separate
collaboration [11], we focus on showing how the LHC can distin-
guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
sectors can be the source of the dark matter candidates.

next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
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from Section II. Also considered are the well-known SM
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is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.

I. SIGNAL SUPPRESSION FOR PARITY
STABILIZED MODELS

In this section we provide inductive reasoning to sup-
port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-

UCB-PTH-09/24

Dark Matter Stabilization Symmetries and Long-Lived Particles
at the Large Hadron Collider

Devin G. E. Walker∗

Department of Physics, University of California, Berkeley, CA 94720, U.S.A,
Theoretical Physics Group, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, U.S.A.

Many popular models of new physics beyond the Standard Model use a parity to stabilize weakly
interacting, dark matter candidates. We examine the potential for the CERN Large Hadron Col-
lider to distinguish models with parity stabilized dark matter from models in which the dark matter
is stabilized by other symmetries. In this letter, we focus on signatures involving long-lived par-
ticles and large amounts of missing transverse energy. To illustrate these signatures, we consider
three models from the literature which are representative of a more general class of models with
non-traditional stabilization symmetries. The most optimistic scenario can observe the proposed
signature with a minimum of 10 fb−1 of integrated luminosity at design center of mass energy. It
will probably take considerably longer to validate the stabilizing symmetry is not a simple parity.
In all, we emphasize that the underlying symmetry that stabilizes weakly interacting dark matter
has tremendous implications for the LHC and our understanding of the nature of dark matter.

There is an overwhelming amount of evidence for the
existence of dark matter (DM). Numerous astrophysical,
cosmological and direct detection experiments [1] provide
a consensus picture: viable dark matter candidates must
be stable, neutral under the Standard Model (SM), non-
relativistic at redshifts of z ∼ 3000 and generate the mea-
sured relic abundance of h2 ΩDM = 0.1131 ± 0.0034 [2].
These requirements are general and upon implementation
provide a plethora of models with viable DM candidates.
The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We

∗Email Address: dgwalker@berkeley.edu.
1 In addition to long-lived particles, one can also study decay

chains of particles charged under “non-parity” stabilization sym-
metries. The result is specific kinematical distributions that are
distinct from traditional parity stabilized models. We explore
this research direction in the collaboration of [10]. In a separate
collaboration [11], we focus on showing how the LHC can distin-
guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
sectors can be the source of the dark matter candidates.

next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.

I. SIGNAL SUPPRESSION FOR PARITY
STABILIZED MODELS

In this section we provide inductive reasoning to sup-
port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-
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will probably take considerably longer to validate the stabilizing symmetry is not a simple parity.
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There is an overwhelming amount of evidence for the
existence of dark matter (DM). Numerous astrophysical,
cosmological and direct detection experiments [1] provide
a consensus picture: viable dark matter candidates must
be stable, neutral under the Standard Model (SM), non-
relativistic at redshifts of z ∼ 3000 and generate the mea-
sured relic abundance of h2 ΩDM = 0.1131 ± 0.0034 [2].
These requirements are general and upon implementation
provide a plethora of models with viable DM candidates.
The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We
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example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
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Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
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cluding the SM backgrounds, detector and acceptance
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ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
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metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-
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There is an overwhelming amount of evidence for the
existence of dark matter (DM). Numerous astrophysical,
cosmological and direct detection experiments [1] provide
a consensus picture: viable dark matter candidates must
be stable, neutral under the Standard Model (SM), non-
relativistic at redshifts of z ∼ 3000 and generate the mea-
sured relic abundance of h2 ΩDM = 0.1131 ± 0.0034 [2].
These requirements are general and upon implementation
provide a plethora of models with viable DM candidates.
The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We
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chains of particles charged under “non-parity” stabilization sym-
metries. The result is specific kinematical distributions that are
distinct from traditional parity stabilized models. We explore
this research direction in the collaboration of [10]. In a separate
collaboration [11], we focus on showing how the LHC can distin-
guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
sectors can be the source of the dark matter candidates.

next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.

I. SIGNAL SUPPRESSION FOR PARITY
STABILIZED MODELS

In this section we provide inductive reasoning to sup-
port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
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require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
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In our scenario, this means a final state involving ψ∗ψ,
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ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
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DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
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There is an overwhelming amount of evidence for the
existence of dark matter (DM). Numerous astrophysical,
cosmological and direct detection experiments [1] provide
a consensus picture: viable dark matter candidates must
be stable, neutral under the Standard Model (SM), non-
relativistic at redshifts of z ∼ 3000 and generate the mea-
sured relic abundance of h2 ΩDM = 0.1131 ± 0.0034 [2].
These requirements are general and upon implementation
provide a plethora of models with viable DM candidates.
The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We
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chains of particles charged under “non-parity” stabilization sym-
metries. The result is specific kinematical distributions that are
distinct from traditional parity stabilized models. We explore
this research direction in the collaboration of [10]. In a separate
collaboration [11], we focus on showing how the LHC can distin-
guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
sectors can be the source of the dark matter candidates.

next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.

I. SIGNAL SUPPRESSION FOR PARITY
STABILIZED MODELS

In this section we provide inductive reasoning to sup-
port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-
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ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
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symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We
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next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.
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In this section we provide inductive reasoning to sup-
port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-
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provide a plethora of models with viable DM candidates.
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Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
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cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
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9]. Since particles are defined by how they transform un-
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with another symmetry (a “non-parity” symmetry) at
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served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
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ment, we devote the next section to show how this signal
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DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.
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port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
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tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
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require ψ to be charged under both the SM and Z2 sym-
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to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
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Higgs and extra-dimensional scenarios, typically stabilize
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9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
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the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
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two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
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next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.
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metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
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provide a plethora of models with viable DM candidates.
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Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
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the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
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symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
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next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.
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served along with a large amount of missing transverse
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DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.
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ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.

I. SIGNAL SUPPRESSION FOR PARITY
STABILIZED MODELS

In this section we provide inductive reasoning to sup-
port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-
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non-traditional stabilization symmetries. The most optimistic scenario can observe the proposed
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will probably take considerably longer to validate the stabilizing symmetry is not a simple parity.
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There is an overwhelming amount of evidence for the
existence of dark matter (DM). Numerous astrophysical,
cosmological and direct detection experiments [1] provide
a consensus picture: viable dark matter candidates must
be stable, neutral under the Standard Model (SM), non-
relativistic at redshifts of z ∼ 3000 and generate the mea-
sured relic abundance of h2 ΩDM = 0.1131 ± 0.0034 [2].
These requirements are general and upon implementation
provide a plethora of models with viable DM candidates.
The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We
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ulation written to estimate the amount of missing energy
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example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
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is quantified for example effective theories in Section IV.
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Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
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energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
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from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.

I. SIGNAL SUPPRESSION FOR PARITY
STABILIZED MODELS

In this section we provide inductive reasoning to sup-
port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-

UCB-PTH-09/24

Dark Matter Stabilization Symmetries and Long-Lived Particles
at the Large Hadron Collider

Devin G. E. Walker∗

Department of Physics, University of California, Berkeley, CA 94720, U.S.A,
Theoretical Physics Group, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, U.S.A.

Many popular models of new physics beyond the Standard Model use a parity to stabilize weakly
interacting, dark matter candidates. We examine the potential for the CERN Large Hadron Col-
lider to distinguish models with parity stabilized dark matter from models in which the dark matter
is stabilized by other symmetries. In this letter, we focus on signatures involving long-lived par-
ticles and large amounts of missing transverse energy. To illustrate these signatures, we consider
three models from the literature which are representative of a more general class of models with
non-traditional stabilization symmetries. The most optimistic scenario can observe the proposed
signature with a minimum of 10 fb−1 of integrated luminosity at design center of mass energy. It
will probably take considerably longer to validate the stabilizing symmetry is not a simple parity.
In all, we emphasize that the underlying symmetry that stabilizes weakly interacting dark matter
has tremendous implications for the LHC and our understanding of the nature of dark matter.

There is an overwhelming amount of evidence for the
existence of dark matter (DM). Numerous astrophysical,
cosmological and direct detection experiments [1] provide
a consensus picture: viable dark matter candidates must
be stable, neutral under the Standard Model (SM), non-
relativistic at redshifts of z ∼ 3000 and generate the mea-
sured relic abundance of h2 ΩDM = 0.1131 ± 0.0034 [2].
These requirements are general and upon implementation
provide a plethora of models with viable DM candidates.
The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We

∗Email Address: dgwalker@berkeley.edu.
1 In addition to long-lived particles, one can also study decay

chains of particles charged under “non-parity” stabilization sym-
metries. The result is specific kinematical distributions that are
distinct from traditional parity stabilized models. We explore
this research direction in the collaboration of [10]. In a separate
collaboration [11], we focus on showing how the LHC can distin-
guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
sectors can be the source of the dark matter candidates.

next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.

I. SIGNAL SUPPRESSION FOR PARITY
STABILIZED MODELS

In this section we provide inductive reasoning to sup-
port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-
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There is an overwhelming amount of evidence for the
existence of dark matter (DM). Numerous astrophysical,
cosmological and direct detection experiments [1] provide
a consensus picture: viable dark matter candidates must
be stable, neutral under the Standard Model (SM), non-
relativistic at redshifts of z ∼ 3000 and generate the mea-
sured relic abundance of h2 ΩDM = 0.1131 ± 0.0034 [2].
These requirements are general and upon implementation
provide a plethora of models with viable DM candidates.
The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We
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chains of particles charged under “non-parity” stabilization sym-
metries. The result is specific kinematical distributions that are
distinct from traditional parity stabilized models. We explore
this research direction in the collaboration of [10]. In a separate
collaboration [11], we focus on showing how the LHC can distin-
guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
sectors can be the source of the dark matter candidates.

next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.

I. SIGNAL SUPPRESSION FOR PARITY
STABILIZED MODELS

In this section we provide inductive reasoning to sup-
port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
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In our scenario, this means a final state involving ψ∗ψ,
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Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
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There is an overwhelming amount of evidence for the
existence of dark matter (DM). Numerous astrophysical,
cosmological and direct detection experiments [1] provide
a consensus picture: viable dark matter candidates must
be stable, neutral under the Standard Model (SM), non-
relativistic at redshifts of z ∼ 3000 and generate the mea-
sured relic abundance of h2 ΩDM = 0.1131 ± 0.0034 [2].
These requirements are general and upon implementation
provide a plethora of models with viable DM candidates.
The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We
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chains of particles charged under “non-parity” stabilization sym-
metries. The result is specific kinematical distributions that are
distinct from traditional parity stabilized models. We explore
this research direction in the collaboration of [10]. In a separate
collaboration [11], we focus on showing how the LHC can distin-
guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
sectors can be the source of the dark matter candidates.

next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.

I. SIGNAL SUPPRESSION FOR PARITY
STABILIZED MODELS

In this section we provide inductive reasoning to sup-
port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-
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ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
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symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
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guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
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next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.
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In this section we provide inductive reasoning to sup-
port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-
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candidate is being considered! In this letter, we consider
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with another symmetry (a “non-parity” symmetry) at
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missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We

∗Email Address: dgwalker@berkeley.edu.
1 In addition to long-lived particles, one can also study decay

chains of particles charged under “non-parity” stabilization sym-
metries. The result is specific kinematical distributions that are
distinct from traditional parity stabilized models. We explore
this research direction in the collaboration of [10]. In a separate
collaboration [11], we focus on showing how the LHC can distin-
guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
sectors can be the source of the dark matter candidates.

next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
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ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
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Z2 stabilized models for the signal of two observed long-
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energy, such is indicative of “non-parity” stabilization
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cluding the SM backgrounds, detector and acceptance
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ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
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is quantified for example effective theories in Section IV.
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The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.

I. SIGNAL SUPPRESSION FOR PARITY
STABILIZED MODELS

In this section we provide inductive reasoning to sup-
port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-
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There is an overwhelming amount of evidence for the
existence of dark matter (DM). Numerous astrophysical,
cosmological and direct detection experiments [1] provide
a consensus picture: viable dark matter candidates must
be stable, neutral under the Standard Model (SM), non-
relativistic at redshifts of z ∼ 3000 and generate the mea-
sured relic abundance of h2 ΩDM = 0.1131 ± 0.0034 [2].
These requirements are general and upon implementation
provide a plethora of models with viable DM candidates.
The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We
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this research direction in the collaboration of [10]. In a separate
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guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
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cluding the SM backgrounds, detector and acceptance
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ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
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energy is a central point of this paper. This statement
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example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
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DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
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Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
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There is an overwhelming amount of evidence for the
existence of dark matter (DM). Numerous astrophysical,
cosmological and direct detection experiments [1] provide
a consensus picture: viable dark matter candidates must
be stable, neutral under the Standard Model (SM), non-
relativistic at redshifts of z ∼ 3000 and generate the mea-
sured relic abundance of h2 ΩDM = 0.1131 ± 0.0034 [2].
These requirements are general and upon implementation
provide a plethora of models with viable DM candidates.
The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We
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chains of particles charged under “non-parity” stabilization sym-
metries. The result is specific kinematical distributions that are
distinct from traditional parity stabilized models. We explore
this research direction in the collaboration of [10]. In a separate
collaboration [11], we focus on showing how the LHC can distin-
guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
sectors can be the source of the dark matter candidates.

next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.

I. SIGNAL SUPPRESSION FOR PARITY
STABILIZED MODELS

In this section we provide inductive reasoning to sup-
port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-

UCB-PTH-09/24

Dark Matter Stabilization Symmetries and Long-Lived Particles
at the Large Hadron Collider

Devin G. E. Walker∗

Department of Physics, University of California, Berkeley, CA 94720, U.S.A,
Theoretical Physics Group, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, U.S.A.

Many popular models of new physics beyond the Standard Model use a parity to stabilize weakly
interacting, dark matter candidates. We examine the potential for the CERN Large Hadron Col-
lider to distinguish models with parity stabilized dark matter from models in which the dark matter
is stabilized by other symmetries. In this letter, we focus on signatures involving long-lived par-
ticles and large amounts of missing transverse energy. To illustrate these signatures, we consider
three models from the literature which are representative of a more general class of models with
non-traditional stabilization symmetries. The most optimistic scenario can observe the proposed
signature with a minimum of 10 fb−1 of integrated luminosity at design center of mass energy. It
will probably take considerably longer to validate the stabilizing symmetry is not a simple parity.
In all, we emphasize that the underlying symmetry that stabilizes weakly interacting dark matter
has tremendous implications for the LHC and our understanding of the nature of dark matter.

There is an overwhelming amount of evidence for the
existence of dark matter (DM). Numerous astrophysical,
cosmological and direct detection experiments [1] provide
a consensus picture: viable dark matter candidates must
be stable, neutral under the Standard Model (SM), non-
relativistic at redshifts of z ∼ 3000 and generate the mea-
sured relic abundance of h2 ΩDM = 0.1131 ± 0.0034 [2].
These requirements are general and upon implementation
provide a plethora of models with viable DM candidates.
The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We

∗Email Address: dgwalker@berkeley.edu.
1 In addition to long-lived particles, one can also study decay

chains of particles charged under “non-parity” stabilization sym-
metries. The result is specific kinematical distributions that are
distinct from traditional parity stabilized models. We explore
this research direction in the collaboration of [10]. In a separate
collaboration [11], we focus on showing how the LHC can distin-
guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
sectors can be the source of the dark matter candidates.

next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.

I. SIGNAL SUPPRESSION FOR PARITY
STABILIZED MODELS

In this section we provide inductive reasoning to sup-
port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-

UCB-PTH-09/24

Dark Matter Stabilization Symmetries and Long-Lived Particles
at the Large Hadron Collider

Devin G. E. Walker∗

Department of Physics, University of California, Berkeley, CA 94720, U.S.A,
Theoretical Physics Group, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, U.S.A.

Many popular models of new physics beyond the Standard Model use a parity to stabilize weakly
interacting, dark matter candidates. We examine the potential for the CERN Large Hadron Col-
lider to distinguish models with parity stabilized dark matter from models in which the dark matter
is stabilized by other symmetries. In this letter, we focus on signatures involving long-lived par-
ticles and large amounts of missing transverse energy. To illustrate these signatures, we consider
three models from the literature which are representative of a more general class of models with
non-traditional stabilization symmetries. The most optimistic scenario can observe the proposed
signature with a minimum of 10 fb−1 of integrated luminosity at design center of mass energy. It
will probably take considerably longer to validate the stabilizing symmetry is not a simple parity.
In all, we emphasize that the underlying symmetry that stabilizes weakly interacting dark matter
has tremendous implications for the LHC and our understanding of the nature of dark matter.

There is an overwhelming amount of evidence for the
existence of dark matter (DM). Numerous astrophysical,
cosmological and direct detection experiments [1] provide
a consensus picture: viable dark matter candidates must
be stable, neutral under the Standard Model (SM), non-
relativistic at redshifts of z ∼ 3000 and generate the mea-
sured relic abundance of h2 ΩDM = 0.1131 ± 0.0034 [2].
These requirements are general and upon implementation
provide a plethora of models with viable DM candidates.
The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We

∗Email Address: dgwalker@berkeley.edu.
1 In addition to long-lived particles, one can also study decay

chains of particles charged under “non-parity” stabilization sym-
metries. The result is specific kinematical distributions that are
distinct from traditional parity stabilized models. We explore
this research direction in the collaboration of [10]. In a separate
collaboration [11], we focus on showing how the LHC can distin-
guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
sectors can be the source of the dark matter candidates.

next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
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served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
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ment, we devote the next section to show how this signal
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next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.
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In this section we provide inductive reasoning to sup-
port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-

All of these diagrams have off-shell suppression...

Consider 500 GeV     and a 100 GeV    .   
This particle must go off-shell by a O(0.01)
factor or less.
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a consensus picture: viable dark matter candidates must
be stable, neutral under the Standard Model (SM), non-
relativistic at redshifts of z ∼ 3000 and generate the mea-
sured relic abundance of h2 ΩDM = 0.1131 ± 0.0034 [2].
These requirements are general and upon implementation
provide a plethora of models with viable DM candidates.
The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We
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distinct from traditional parity stabilized models. We explore
this research direction in the collaboration of [10]. In a separate
collaboration [11], we focus on showing how the LHC can distin-
guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
sectors can be the source of the dark matter candidates.

next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.

I. SIGNAL SUPPRESSION FOR PARITY
STABILIZED MODELS

In this section we provide inductive reasoning to sup-
port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-
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existence of dark matter (DM). Numerous astrophysical,
cosmological and direct detection experiments [1] provide
a consensus picture: viable dark matter candidates must
be stable, neutral under the Standard Model (SM), non-
relativistic at redshifts of z ∼ 3000 and generate the mea-
sured relic abundance of h2 ΩDM = 0.1131 ± 0.0034 [2].
These requirements are general and upon implementation
provide a plethora of models with viable DM candidates.
The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We
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chains of particles charged under “non-parity” stabilization sym-
metries. The result is specific kinematical distributions that are
distinct from traditional parity stabilized models. We explore
this research direction in the collaboration of [10]. In a separate
collaboration [11], we focus on showing how the LHC can distin-
guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
sectors can be the source of the dark matter candidates.

next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.

I. SIGNAL SUPPRESSION FOR PARITY
STABILIZED MODELS

In this section we provide inductive reasoning to sup-
port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-
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distinct from traditional parity stabilized models. We explore
this research direction in the collaboration of [10]. In a separate
collaboration [11], we focus on showing how the LHC can distin-
guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
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next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.
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In this section we provide inductive reasoning to sup-
port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-
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ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
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Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
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cluding the SM backgrounds, detector and acceptance
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ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
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ulation written to estimate the amount of missing energy
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from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.
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In this section we provide inductive reasoning to sup-
port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-
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There is an overwhelming amount of evidence for the
existence of dark matter (DM). Numerous astrophysical,
cosmological and direct detection experiments [1] provide
a consensus picture: viable dark matter candidates must
be stable, neutral under the Standard Model (SM), non-
relativistic at redshifts of z ∼ 3000 and generate the mea-
sured relic abundance of h2 ΩDM = 0.1131 ± 0.0034 [2].
These requirements are general and upon implementation
provide a plethora of models with viable DM candidates.
The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We
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this research direction in the collaboration of [10]. In a separate
collaboration [11], we focus on showing how the LHC can distin-
guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
sectors can be the source of the dark matter candidates.

next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
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ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
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cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
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is quantified for example effective theories in Section IV.
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cluding the SM backgrounds, detector and acceptance
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ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
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Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
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is quantified for example effective theories in Section IV.
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There is an overwhelming amount of evidence for the
existence of dark matter (DM). Numerous astrophysical,
cosmological and direct detection experiments [1] provide
a consensus picture: viable dark matter candidates must
be stable, neutral under the Standard Model (SM), non-
relativistic at redshifts of z ∼ 3000 and generate the mea-
sured relic abundance of h2 ΩDM = 0.1131 ± 0.0034 [2].
These requirements are general and upon implementation
provide a plethora of models with viable DM candidates.
The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We
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chains of particles charged under “non-parity” stabilization sym-
metries. The result is specific kinematical distributions that are
distinct from traditional parity stabilized models. We explore
this research direction in the collaboration of [10]. In a separate
collaboration [11], we focus on showing how the LHC can distin-
guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
sectors can be the source of the dark matter candidates.

next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.

I. SIGNAL SUPPRESSION FOR PARITY
STABILIZED MODELS

In this section we provide inductive reasoning to sup-
port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-

UCB-PTH-09/24

Dark Matter Stabilization Symmetries and Long-Lived Particles
at the Large Hadron Collider

Devin G. E. Walker∗

Department of Physics, University of California, Berkeley, CA 94720, U.S.A,
Theoretical Physics Group, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, U.S.A.

Many popular models of new physics beyond the Standard Model use a parity to stabilize weakly
interacting, dark matter candidates. We examine the potential for the CERN Large Hadron Col-
lider to distinguish models with parity stabilized dark matter from models in which the dark matter
is stabilized by other symmetries. In this letter, we focus on signatures involving long-lived par-
ticles and large amounts of missing transverse energy. To illustrate these signatures, we consider
three models from the literature which are representative of a more general class of models with
non-traditional stabilization symmetries. The most optimistic scenario can observe the proposed
signature with a minimum of 10 fb−1 of integrated luminosity at design center of mass energy. It
will probably take considerably longer to validate the stabilizing symmetry is not a simple parity.
In all, we emphasize that the underlying symmetry that stabilizes weakly interacting dark matter
has tremendous implications for the LHC and our understanding of the nature of dark matter.

There is an overwhelming amount of evidence for the
existence of dark matter (DM). Numerous astrophysical,
cosmological and direct detection experiments [1] provide
a consensus picture: viable dark matter candidates must
be stable, neutral under the Standard Model (SM), non-
relativistic at redshifts of z ∼ 3000 and generate the mea-
sured relic abundance of h2 ΩDM = 0.1131 ± 0.0034 [2].
These requirements are general and upon implementation
provide a plethora of models with viable DM candidates.
The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We

∗Email Address: dgwalker@berkeley.edu.
1 In addition to long-lived particles, one can also study decay

chains of particles charged under “non-parity” stabilization sym-
metries. The result is specific kinematical distributions that are
distinct from traditional parity stabilized models. We explore
this research direction in the collaboration of [10]. In a separate
collaboration [11], we focus on showing how the LHC can distin-
guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
sectors can be the source of the dark matter candidates.

next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.

I. SIGNAL SUPPRESSION FOR PARITY
STABILIZED MODELS

In this section we provide inductive reasoning to sup-
port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-

UCB-PTH-09/24

Dark Matter Stabilization Symmetries and Long-Lived Particles
at the Large Hadron Collider

Devin G. E. Walker∗

Department of Physics, University of California, Berkeley, CA 94720, U.S.A,
Theoretical Physics Group, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, U.S.A.

Many popular models of new physics beyond the Standard Model use a parity to stabilize weakly
interacting, dark matter candidates. We examine the potential for the CERN Large Hadron Col-
lider to distinguish models with parity stabilized dark matter from models in which the dark matter
is stabilized by other symmetries. In this letter, we focus on signatures involving long-lived par-
ticles and large amounts of missing transverse energy. To illustrate these signatures, we consider
three models from the literature which are representative of a more general class of models with
non-traditional stabilization symmetries. The most optimistic scenario can observe the proposed
signature with a minimum of 10 fb−1 of integrated luminosity at design center of mass energy. It
will probably take considerably longer to validate the stabilizing symmetry is not a simple parity.
In all, we emphasize that the underlying symmetry that stabilizes weakly interacting dark matter
has tremendous implications for the LHC and our understanding of the nature of dark matter.

There is an overwhelming amount of evidence for the
existence of dark matter (DM). Numerous astrophysical,
cosmological and direct detection experiments [1] provide
a consensus picture: viable dark matter candidates must
be stable, neutral under the Standard Model (SM), non-
relativistic at redshifts of z ∼ 3000 and generate the mea-
sured relic abundance of h2 ΩDM = 0.1131 ± 0.0034 [2].
These requirements are general and upon implementation
provide a plethora of models with viable DM candidates.
The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We

∗Email Address: dgwalker@berkeley.edu.
1 In addition to long-lived particles, one can also study decay

chains of particles charged under “non-parity” stabilization sym-
metries. The result is specific kinematical distributions that are
distinct from traditional parity stabilized models. We explore
this research direction in the collaboration of [10]. In a separate
collaboration [11], we focus on showing how the LHC can distin-
guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
sectors can be the source of the dark matter candidates.

next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.

I. SIGNAL SUPPRESSION FOR PARITY
STABILIZED MODELS

In this section we provide inductive reasoning to sup-
port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-

UCB-PTH-09/24

Dark Matter Stabilization Symmetries and Long-Lived Particles
at the Large Hadron Collider

Devin G. E. Walker∗

Department of Physics, University of California, Berkeley, CA 94720, U.S.A,
Theoretical Physics Group, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, U.S.A.

Many popular models of new physics beyond the Standard Model use a parity to stabilize weakly
interacting, dark matter candidates. We examine the potential for the CERN Large Hadron Col-
lider to distinguish models with parity stabilized dark matter from models in which the dark matter
is stabilized by other symmetries. In this letter, we focus on signatures involving long-lived par-
ticles and large amounts of missing transverse energy. To illustrate these signatures, we consider
three models from the literature which are representative of a more general class of models with
non-traditional stabilization symmetries. The most optimistic scenario can observe the proposed
signature with a minimum of 10 fb−1 of integrated luminosity at design center of mass energy. It
will probably take considerably longer to validate the stabilizing symmetry is not a simple parity.
In all, we emphasize that the underlying symmetry that stabilizes weakly interacting dark matter
has tremendous implications for the LHC and our understanding of the nature of dark matter.

There is an overwhelming amount of evidence for the
existence of dark matter (DM). Numerous astrophysical,
cosmological and direct detection experiments [1] provide
a consensus picture: viable dark matter candidates must
be stable, neutral under the Standard Model (SM), non-
relativistic at redshifts of z ∼ 3000 and generate the mea-
sured relic abundance of h2 ΩDM = 0.1131 ± 0.0034 [2].
These requirements are general and upon implementation
provide a plethora of models with viable DM candidates.
The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We

∗Email Address: dgwalker@berkeley.edu.
1 In addition to long-lived particles, one can also study decay

chains of particles charged under “non-parity” stabilization sym-
metries. The result is specific kinematical distributions that are
distinct from traditional parity stabilized models. We explore
this research direction in the collaboration of [10]. In a separate
collaboration [11], we focus on showing how the LHC can distin-
guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
sectors can be the source of the dark matter candidates.

next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
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DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
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is quantified for example effective theories in Section IV.
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These requirements are general and upon implementation
provide a plethora of models with viable DM candidates.
The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We
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chains of particles charged under “non-parity” stabilization sym-
metries. The result is specific kinematical distributions that are
distinct from traditional parity stabilized models. We explore
this research direction in the collaboration of [10]. In a separate
collaboration [11], we focus on showing how the LHC can distin-
guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
sectors can be the source of the dark matter candidates.

next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.

I. SIGNAL SUPPRESSION FOR PARITY
STABILIZED MODELS

In this section we provide inductive reasoning to sup-
port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-
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generated from long-lived particles interacting with the
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cluding the SM backgrounds, detector and acceptance
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ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
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this research direction in the collaboration of [10]. In a separate
collaboration [11], we focus on showing how the LHC can distin-
guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
sectors can be the source of the dark matter candidates.

next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.

I. SIGNAL SUPPRESSION FOR PARITY
STABILIZED MODELS

In this section we provide inductive reasoning to sup-
port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-
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There is an overwhelming amount of evidence for the
existence of dark matter (DM). Numerous astrophysical,
cosmological and direct detection experiments [1] provide
a consensus picture: viable dark matter candidates must
be stable, neutral under the Standard Model (SM), non-
relativistic at redshifts of z ∼ 3000 and generate the mea-
sured relic abundance of h2 ΩDM = 0.1131 ± 0.0034 [2].
These requirements are general and upon implementation
provide a plethora of models with viable DM candidates.
The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We
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generated from long-lived particles interacting with the
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DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
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Higgs and extra-dimensional scenarios, typically stabilize
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served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We
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DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
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cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
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tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-
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There is an overwhelming amount of evidence for the
existence of dark matter (DM). Numerous astrophysical,
cosmological and direct detection experiments [1] provide
a consensus picture: viable dark matter candidates must
be stable, neutral under the Standard Model (SM), non-
relativistic at redshifts of z ∼ 3000 and generate the mea-
sured relic abundance of h2 ΩDM = 0.1131 ± 0.0034 [2].
These requirements are general and upon implementation
provide a plethora of models with viable DM candidates.
The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We
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metries. The result is specific kinematical distributions that are
distinct from traditional parity stabilized models. We explore
this research direction in the collaboration of [10]. In a separate
collaboration [11], we focus on showing how the LHC can distin-
guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
sectors can be the source of the dark matter candidates.

next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.
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ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
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ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
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is stabilized by other symmetries. In this letter, we focus on signatures involving long-lived par-
ticles and large amounts of missing transverse energy. To illustrate these signatures, we consider
three models from the literature which are representative of a more general class of models with
non-traditional stabilization symmetries. The most optimistic scenario can observe the proposed
signature with a minimum of 10 fb−1 of integrated luminosity at design center of mass energy. It
will probably take considerably longer to validate the stabilizing symmetry is not a simple parity.
In all, we emphasize that the underlying symmetry that stabilizes weakly interacting dark matter
has tremendous implications for the LHC and our understanding of the nature of dark matter.

There is an overwhelming amount of evidence for the
existence of dark matter (DM). Numerous astrophysical,
cosmological and direct detection experiments [1] provide
a consensus picture: viable dark matter candidates must
be stable, neutral under the Standard Model (SM), non-
relativistic at redshifts of z ∼ 3000 and generate the mea-
sured relic abundance of h2 ΩDM = 0.1131 ± 0.0034 [2].
These requirements are general and upon implementation
provide a plethora of models with viable DM candidates.
The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We
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chains of particles charged under “non-parity” stabilization sym-
metries. The result is specific kinematical distributions that are
distinct from traditional parity stabilized models. We explore
this research direction in the collaboration of [10]. In a separate
collaboration [11], we focus on showing how the LHC can distin-
guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
sectors can be the source of the dark matter candidates.

next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.

I. SIGNAL SUPPRESSION FOR PARITY
STABILIZED MODELS

In this section we provide inductive reasoning to sup-
port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-
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All of these diagrams have off-shell suppression...

Consider 500 GeV     and a 100 GeV    .   
This particle must go off-shell by a O(0.01)
factor or less.
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relativistic at redshifts of z ∼ 3000 and generate the mea-
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symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We
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guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
sectors can be the source of the dark matter candidates.

next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.

I. SIGNAL SUPPRESSION FOR PARITY
STABILIZED MODELS
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metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-
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Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We
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chains of particles charged under “non-parity” stabilization sym-
metries. The result is specific kinematical distributions that are
distinct from traditional parity stabilized models. We explore
this research direction in the collaboration of [10]. In a separate
collaboration [11], we focus on showing how the LHC can distin-
guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
sectors can be the source of the dark matter candidates.

next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.

I. SIGNAL SUPPRESSION FOR PARITY
STABILIZED MODELS

In this section we provide inductive reasoning to sup-
port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-

UCB-PTH-09/24

Dark Matter Stabilization Symmetries and Long-Lived Particles
at the Large Hadron Collider

Devin G. E. Walker∗

Department of Physics, University of California, Berkeley, CA 94720, U.S.A,
Theoretical Physics Group, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, U.S.A.

Many popular models of new physics beyond the Standard Model use a parity to stabilize weakly
interacting, dark matter candidates. We examine the potential for the CERN Large Hadron Col-
lider to distinguish models with parity stabilized dark matter from models in which the dark matter
is stabilized by other symmetries. In this letter, we focus on signatures involving long-lived par-
ticles and large amounts of missing transverse energy. To illustrate these signatures, we consider
three models from the literature which are representative of a more general class of models with
non-traditional stabilization symmetries. The most optimistic scenario can observe the proposed
signature with a minimum of 10 fb−1 of integrated luminosity at design center of mass energy. It
will probably take considerably longer to validate the stabilizing symmetry is not a simple parity.
In all, we emphasize that the underlying symmetry that stabilizes weakly interacting dark matter
has tremendous implications for the LHC and our understanding of the nature of dark matter.

There is an overwhelming amount of evidence for the
existence of dark matter (DM). Numerous astrophysical,
cosmological and direct detection experiments [1] provide
a consensus picture: viable dark matter candidates must
be stable, neutral under the Standard Model (SM), non-
relativistic at redshifts of z ∼ 3000 and generate the mea-
sured relic abundance of h2 ΩDM = 0.1131 ± 0.0034 [2].
These requirements are general and upon implementation
provide a plethora of models with viable DM candidates.
The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We

∗Email Address: dgwalker@berkeley.edu.
1 In addition to long-lived particles, one can also study decay

chains of particles charged under “non-parity” stabilization sym-
metries. The result is specific kinematical distributions that are
distinct from traditional parity stabilized models. We explore
this research direction in the collaboration of [10]. In a separate
collaboration [11], we focus on showing how the LHC can distin-
guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
sectors can be the source of the dark matter candidates.

next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.

I. SIGNAL SUPPRESSION FOR PARITY
STABILIZED MODELS

In this section we provide inductive reasoning to sup-
port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-

UCB-PTH-09/24

Dark Matter Stabilization Symmetries and Long-Lived Particles
at the Large Hadron Collider

Devin G. E. Walker∗

Department of Physics, University of California, Berkeley, CA 94720, U.S.A,
Theoretical Physics Group, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, U.S.A.

Many popular models of new physics beyond the Standard Model use a parity to stabilize weakly
interacting, dark matter candidates. We examine the potential for the CERN Large Hadron Col-
lider to distinguish models with parity stabilized dark matter from models in which the dark matter
is stabilized by other symmetries. In this letter, we focus on signatures involving long-lived par-
ticles and large amounts of missing transverse energy. To illustrate these signatures, we consider
three models from the literature which are representative of a more general class of models with
non-traditional stabilization symmetries. The most optimistic scenario can observe the proposed
signature with a minimum of 10 fb−1 of integrated luminosity at design center of mass energy. It
will probably take considerably longer to validate the stabilizing symmetry is not a simple parity.
In all, we emphasize that the underlying symmetry that stabilizes weakly interacting dark matter
has tremendous implications for the LHC and our understanding of the nature of dark matter.

There is an overwhelming amount of evidence for the
existence of dark matter (DM). Numerous astrophysical,
cosmological and direct detection experiments [1] provide
a consensus picture: viable dark matter candidates must
be stable, neutral under the Standard Model (SM), non-
relativistic at redshifts of z ∼ 3000 and generate the mea-
sured relic abundance of h2 ΩDM = 0.1131 ± 0.0034 [2].
These requirements are general and upon implementation
provide a plethora of models with viable DM candidates.
The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We

∗Email Address: dgwalker@berkeley.edu.
1 In addition to long-lived particles, one can also study decay

chains of particles charged under “non-parity” stabilization sym-
metries. The result is specific kinematical distributions that are
distinct from traditional parity stabilized models. We explore
this research direction in the collaboration of [10]. In a separate
collaboration [11], we focus on showing how the LHC can distin-
guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
sectors can be the source of the dark matter candidates.

next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
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cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
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cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
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is quantified for example effective theories in Section IV.
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phases from perturbative ones using jets of missing energy. Such
sectors can be the source of the dark matter candidates.

next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.
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STABILIZED MODELS

In this section we provide inductive reasoning to sup-
port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-
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cosmological and direct detection experiments [1] provide
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relativistic at redshifts of z ∼ 3000 and generate the mea-
sured relic abundance of h2 ΩDM = 0.1131 ± 0.0034 [2].
These requirements are general and upon implementation
provide a plethora of models with viable DM candidates.
The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We
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served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
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DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.
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from models with non-traditional stabilization symme-
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dark matter, χ. Below the cutoff Λ, we include the SM,
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sured relic abundance of h2 ΩDM = 0.1131 ± 0.0034 [2].
These requirements are general and upon implementation
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The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
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with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
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symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We
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next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.
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metries are either generally suppressed or distinguishable
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tries. These arguments are valid for signatures of two
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energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
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require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
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provide a plethora of models with viable DM candidates.
The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
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with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
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symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We
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next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.
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The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
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symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
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next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.

I. SIGNAL SUPPRESSION FOR PARITY
STABILIZED MODELS

In this section we provide inductive reasoning to sup-
port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
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ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
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energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-
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There is an overwhelming amount of evidence for the
existence of dark matter (DM). Numerous astrophysical,
cosmological and direct detection experiments [1] provide
a consensus picture: viable dark matter candidates must
be stable, neutral under the Standard Model (SM), non-
relativistic at redshifts of z ∼ 3000 and generate the mea-
sured relic abundance of h2 ΩDM = 0.1131 ± 0.0034 [2].
These requirements are general and upon implementation
provide a plethora of models with viable DM candidates.
The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We
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chains of particles charged under “non-parity” stabilization sym-
metries. The result is specific kinematical distributions that are
distinct from traditional parity stabilized models. We explore
this research direction in the collaboration of [10]. In a separate
collaboration [11], we focus on showing how the LHC can distin-
guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
sectors can be the source of the dark matter candidates.

next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.
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ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
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to ensure it will not decay inside of the detector yet is
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Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We
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guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
sectors can be the source of the dark matter candidates.

next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.
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metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
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DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
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is stabilized by other symmetries. In this letter, we focus on signatures involving long-lived par-
ticles and large amounts of missing transverse energy. To illustrate these signatures, we consider
three models from the literature which are representative of a more general class of models with
non-traditional stabilization symmetries. The most optimistic scenario can observe the proposed
signature with a minimum of 10 fb−1 of integrated luminosity at design center of mass energy. It
will probably take considerably longer to validate the stabilizing symmetry is not a simple parity.
In all, we emphasize that the underlying symmetry that stabilizes weakly interacting dark matter
has tremendous implications for the LHC and our understanding of the nature of dark matter.

There is an overwhelming amount of evidence for the
existence of dark matter (DM). Numerous astrophysical,
cosmological and direct detection experiments [1] provide
a consensus picture: viable dark matter candidates must
be stable, neutral under the Standard Model (SM), non-
relativistic at redshifts of z ∼ 3000 and generate the mea-
sured relic abundance of h2 ΩDM = 0.1131 ± 0.0034 [2].
These requirements are general and upon implementation
provide a plethora of models with viable DM candidates.
The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We
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chains of particles charged under “non-parity” stabilization sym-
metries. The result is specific kinematical distributions that are
distinct from traditional parity stabilized models. We explore
this research direction in the collaboration of [10]. In a separate
collaboration [11], we focus on showing how the LHC can distin-
guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
sectors can be the source of the dark matter candidates.

next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.

I. SIGNAL SUPPRESSION FOR PARITY
STABILIZED MODELS

In this section we provide inductive reasoning to sup-
port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-
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2

imental analysis observes long-lived ψ particles. From
our effective description, we posit final state signatures
with two observed ψ particles plus E/T are generally sup-
pressed. Such a signature may be possible for models in
which the dark matter is stabilized by other symmetries
such as Z2 × Z2, Z3, SU(3)global, etc. We will account
for the relevant SM backgrounds in Sections III and IV.

To see the signal suppression in the Z2 case, note the
most relevant operators involving couplings of ψ with the
SM are

O1f = g ψcσAψ O1b = g ∂ψ∗Aψ (1)

and

O2b = λ1 h†h ψ∗ψ O2f =
λ2

Λ
h†h ψ∗ψ (2)

where A is the gluon, photon or Z boson. h is the higgs.
Note, h is general and can represent extended higgs sec-
tors such as two higgs doublets that are common in SUSY
models. Oif (Oib) are the operators involving fermionic
(bosonic) ψ. The same type of couplings are also possible
for χ with A the photon or Z boson. If both χ and ψ are
scalars, then the marginal operator

O3b = λ3 ψ∗ψ χ∗χ (3)

is also possible. As well, if ψ has the SM quantum num-
bers of the higgs then

O4b =
λ4b

Λ
ψ∗χh h†h O4f = λ4f ψ∗χ h (4)

is viable. If ψ has SM charges which allow yukawa cou-
plings to quarks and leptons, our assumption of a long-
lived ψ particle requires, λ5,6, to be small for

O5 = λ5 ψcχ l O6 = λ6 ψcχ q. (5)

There may be additional higher-dimensional operators
that may permit decay of ψ into the SM. We assume Λ
is sufficiently large to suppress the effects of these oper-
ators.

One way to generate the signal with our effective de-
scription is through pair production of the ψ particles.
One of the ψ particles can subsequently emit two χ par-
ticles via equation 3. It is also possible for ψ to emit
a SM higgs boson or an off-shell Z or photon via equa-
tions 1 and 2. These would then need to decay into two χ
particles. The first (second) scenario is suppressed by the
amount ψ (as well as Z∗/γ∗) goes off-shell. The diagrams
involving a virtual SM higgs, h0, have additional off-shell
suppression if mh0

< 2mχ. To get a numerical estimate
of the effect of off-shell suppression, note the integral over
a Breit-Wigner resonance for one virtual particle, V, is

I =
θmax − θmin

ΓV MV
(6)

where θmax(min) = tan−1((m2
max(min) − M2

V )/ΓV MV ).
Here mmax and mmin are the appropriate limits of the

phase space integration [13]. In the limit where the vir-
tual particle is on shell θmax − θmin → π. As an example,
for the process involving equation 3, the integral goes as
θmax − θmin ∼ O(0.01) for a 500 GeV ψ and 100 GeV χ.
The SM higgses in the diagrams described above can have
heavy masses, 1 TeV > mh0

≥ 2 mχ, which may slightly
reduce the amount of off-shell suppression; in this case
often mh0

> 2 mZ and there is an additional suppression
from the SM higgses preferentially decaying into W and
Z bosons. Note the partial width for h0 → χχ is

Γh0→χχ scalar =
κ2

1 v2
ew

16πmh0

√

1 − 4m2
χ/m2

h0
(7)

Γh0→χχ fermion =
Aκ2

2 mh0

32π

(

1 − 4m2
χ/m2

h0

)3/2

(8)

where κ1 (κ2) is the coupling for scalar (fermionic) χ.
Here A = 2, 4 for Weyl and Dirac fermions, respectively.
The partial width for decays into W and Z bosons goes
as Γ ∼ GF m3

h0
where GF is Fermi’s constant. Thus, as

mh0
increases, the higgs decays more frequently into W

and Z pairs due to the m3
h0

enhancement. For example, a
1 TeV (300 GeV) higgs decays into 100 GeV scalar (Dirac
fermion) DM 6×10−2 % (11%) of the time. Here we have
assumed κi = 0.5. Even when the SM higgs decays at
the 10% level, an experimentalist can search for ψ∗ψ+h0

where h0 decays to the SM. As we will discuss in Section
III, tagging long-lived particles is relatively easy. Thus,
precise measurement of the SM higgs branching fractions
can uncover an invisible decay width. An experimentalist
can potentially identify if a E/T signature comes from SM
higgs decay.

Another way to generate the ψ∗ψ + E/T signature is
through pair producing charged higgses. Such higgses
are common in SUSY models. The higgses decay on-
shell via the operators in equation 4 for mh > mχ + mψ.
Now, in two higgs doublet models, the partial width for
each higgs decay channel into the SM goes as Γ ∼ GF m3

h.
Thus, from the arguments in the previous paragraph, the
h → ψ χ∗ decay may be suppressed. Even with a signif-
icant partial width, the experimentalist can still largely
determine if higgs decay is responsible for the ψ∗ψ + E/T

signature. The higgs decay width into ψ χ∗ can be mea-
sured by comparing p p → h∗ h → ψ +SM+E/T events to
the signal. In particular, this process allows the recon-
struction of both of the virtual higgses. The critcal point:
If an experiment observes the ψ+SM+E/T signature and
the SM daughters can be reconstructed to the higgs, it
is observationally clear that higgs is parity even. If the
mass of the other virtual higgs can be reconstructed, it
is clear we have the case where parity even states can
produce the ψ∗ψ + E/T signature. The higgs mass from
the h → ψ χ∗ decay can be reconstructed with a trans-
verse invariant mass. This is in analogy to W → l ν mass
reconstruction in WW decays [14]. As before, observing
the higgs decay into the SM daughters is not as problem-
atic because the tagged ψ particles greatly reduce the SM

• An example:  Virtual SM higgs particle.  Decay rate

1 TeV SM higgs branching fraction ~ O(0.01)%
350 GeV higgs branching ~ O(1)% (largest possible)

Branching Fraction Suppression? 
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the new scalar to see if it is parity even.
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ticles and large amounts of missing transverse energy. To illustrate these signatures, we consider
three models from the literature which are representative of a more general class of models with
non-traditional stabilization symmetries. The most optimistic scenario can observe the proposed
signature with a minimum of 10 fb−1 of integrated luminosity at design center of mass energy. It
will probably take considerably longer to validate the stabilizing symmetry is not a simple parity.
In all, we emphasize that the underlying symmetry that stabilizes weakly interacting dark matter
has tremendous implications for the LHC and our understanding of the nature of dark matter.

There is an overwhelming amount of evidence for the
existence of dark matter (DM). Numerous astrophysical,
cosmological and direct detection experiments [1] provide
a consensus picture: viable dark matter candidates must
be stable, neutral under the Standard Model (SM), non-
relativistic at redshifts of z ∼ 3000 and generate the mea-
sured relic abundance of h2 ΩDM = 0.1131 ± 0.0034 [2].
These requirements are general and upon implementation
provide a plethora of models with viable DM candidates.
The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We
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chains of particles charged under “non-parity” stabilization sym-
metries. The result is specific kinematical distributions that are
distinct from traditional parity stabilized models. We explore
this research direction in the collaboration of [10]. In a separate
collaboration [11], we focus on showing how the LHC can distin-
guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
sectors can be the source of the dark matter candidates.

next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.

I. SIGNAL SUPPRESSION FOR PARITY
STABILIZED MODELS

In this section we provide inductive reasoning to sup-
port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-
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two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
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next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.
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long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
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FIG. 1: An example reconstructed transverse mass for p p →

h∗ h → ψ χ∗ + q q̄ with 500 GeV charged higgs decaying into
a 200 GeV long-lived ψ and 100 GeV DM χ∗. The most
important aspect of this plot is the kinematic edge at 500
GeV. We apply the cuts consistent with ATLAS and CMS
collaborations with a transverse momentum cut of 200 GeV
and the cuts of equations 16 and 19.

background. The transverse mass is defined as

MT =
√

(ET + E/T )2 − (!pT + !pT/ )2 (9)

where E2
T = !p2

T +M2
ψ and !pT is the transverse momentum

of the ψ particle. In addition, we take !pT/ =
∑

!pT visible

and E/2
T = !pT/ 2. As an example, we simulate the process

p p → h∗ h → ψ χ∗ + SM for a 500 GeV charged higgs
and plot the reconstructed transverse invariant mass in
Figure 1. Note the transverse mass has a kinematic edge
at the given higgs’ mass.

The careful reader may argue that adding additional
particles to the effective theory will generate large miss-
ing energy signatures for models with Z2 stabilized dark
matter. There are three types of new particles which can
produce non-trivial consequences: a particle, φ, charged
solely under the SM, the next heaviest parity odd par-
ticle, ψ′, which is also charged under the SM and φs

a singlet under the SM and the Z2 symmetry. In the
first case, the coupling λ7 φ∗ ψχ is allowed; thus, gener-
ating the ψ∗ψ + E/T signature with the minimal amount
of suppression mirrors the discussion for the production
and decay of charged higgses via equation 4. We note φ
cannot have random SM quantum numbers which could
forbid yukawa couplings with SM particles. This is gener-
ally true because (1) φ has the quantum numbers of ψcχ∗

and (2) ψ must decay through relevant or irrelevant oper-
ators to χ and the SM to avoid bounds on stable charged
particles [12]. Like the discussion of the two higgs dou-
blets, φ should decay more prominently to the lighter SM
particles than ψ and χ; therefore, the ψ∗ψ + E/T signal
may be suppressed. As before, if there is a non-trivial
decay width into ψ χ∗, plotting the transverse invariant
mass could provide identification of ψ∗ψ+E/T production
from a parity even φ. Consider now two new effective

descriptions where we separately add ψ′ and φs to the
original effective theory of the SM, ψ and χ. In the ψ′

effective theory, it is clear that there are no ψ′ψ χ cou-
plings; however, if ψ and ψ′ have the same charges under
the SM, they can mix by an angle, θ, that is a function of
the mass ratio mψ/mψ′ ; thus, any cross section involving
pair production of a heavy ψ′ with a ψ∗ ψ χ∗ χ final state
is suppressed by at least θ4. We have not demanded that
ψ′ is long lived and can conceivably decay to the SM and
χ via operators analogous to equation 5; thus, from the
SM higgs decay arguments above, a small branching frac-
tion into our signal may be possible from production of
ψ′. In addition, one can consider a Z2 scenario where ψ′

is colored, pair produced and eventually decays to ψ and
a SM neutrino. In Section IV, we consider this process
as a viable example scenario to generate our signal with
parity stabilized DM. The neutrinos are the source of the
missing energy. With the kinematic cuts introduced in
Section III, we compare the signal generated by this pro-
cess to the “non-parity” processes described in Section II.
In the φs effective theory, φs must have O(1) couplings
to the SM in order to be produced at the LHC; thus, it
generally mirrors the SM higgs and charged higgs discus-
sions above. The signal could be generated from φs pair
production and decay via φs ψ∗ψ and φs χ∗χ couplings.
Like before, the parity charge of φs can be ascertained
by considering the φsφs → χ∗ χ + SM process. Both φs

masses could be reconstructed in analogy to ZZ decay
to two neutrinos and two visible SM particles [15]. The
reader might now argue that a new symmetry or large
coupling could be implemented so that φs decays solely
to ψ and DM pairs. Likewise, a similar argument could
be constructed so φ decays solely to DM and ψ. The
large coupling case implies a new accidental symmetry.
In both cases, ψ and χ would then have to be charged
under these new symmetries. This is tantamount to the
new stabilization symmetry we sought to distinguish in
the first place.

An effective theory with some number of φ, ψ′ and
φs particles is also possible. Given all of the arguments
above, we assert such an effective theory either gener-
ates a suppressed signal or can be identified as a sce-
nario with a Z2 stabilizing symmetry. If further convinc-
ing is necessary, one can list all of the tree-level decay
topologies which result in a ψ∗ ψ χ∗ χ final state where
the mother particles have non-specific charges. The least
suppressed diagrams from this exercise are analogous to
examples above. As a final note, since both φ and φs

can potentially have tree-level SM couplings, generally
precision electroweak measurements place constraints on
their mass to roughly 5 TeV [17]. In the next section,
we briefly outline three models in the literature in which
the dark matter is stabilized by a non-traditional “non-
parity” symmetry. We will subsequently show how these
models generate relatively large ψ∗ψ+E/T signatures. Ul-
timately, our signal will be a statistically significant ex-
cess of missing energy in this channel. We present each
model’s results in comparison to effective theories with
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Many popular models of new physics beyond the Standard Model use a parity to stabilize weakly
interacting, dark matter candidates. We examine the potential for the CERN Large Hadron Col-
lider to distinguish models with parity stabilized dark matter from models in which the dark matter
is stabilized by other symmetries. In this letter, we focus on signatures involving long-lived par-
ticles and large amounts of missing transverse energy. To illustrate these signatures, we consider
three models from the literature which are representative of a more general class of models with
non-traditional stabilization symmetries. The most optimistic scenario can observe the proposed
signature with a minimum of 10 fb−1 of integrated luminosity at design center of mass energy. It
will probably take considerably longer to validate the stabilizing symmetry is not a simple parity.
In all, we emphasize that the underlying symmetry that stabilizes weakly interacting dark matter
has tremendous implications for the LHC and our understanding of the nature of dark matter.

There is an overwhelming amount of evidence for the
existence of dark matter (DM). Numerous astrophysical,
cosmological and direct detection experiments [1] provide
a consensus picture: viable dark matter candidates must
be stable, neutral under the Standard Model (SM), non-
relativistic at redshifts of z ∼ 3000 and generate the mea-
sured relic abundance of h2 ΩDM = 0.1131 ± 0.0034 [2].
These requirements are general and upon implementation
provide a plethora of models with viable DM candidates.
The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We

∗Email Address: dgwalker@berkeley.edu.
1 In addition to long-lived particles, one can also study decay

chains of particles charged under “non-parity” stabilization sym-
metries. The result is specific kinematical distributions that are
distinct from traditional parity stabilized models. We explore
this research direction in the collaboration of [10]. In a separate
collaboration [11], we focus on showing how the LHC can distin-
guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
sectors can be the source of the dark matter candidates.

next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.

I. SIGNAL SUPPRESSION FOR PARITY
STABILIZED MODELS

In this section we provide inductive reasoning to sup-
port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-
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FIG. 1: An example reconstructed transverse mass for p p →

h∗ h → ψ χ∗ + q q̄ with 500 GeV charged higgs decaying into
a 200 GeV long-lived ψ and 100 GeV DM χ∗. The most
important aspect of this plot is the kinematic edge at 500
GeV. We apply the cuts consistent with ATLAS and CMS
collaborations with a transverse momentum cut of 200 GeV
and the cuts of equations 16 and 19.

background. The transverse mass is defined as

MT =
√

(ET + E/T )2 − (!pT + !pT/ )2 (9)

where E2
T = !p2

T +M2
ψ and !pT is the transverse momentum

of the ψ particle. In addition, we take !pT/ =
∑

!pT visible

and E/2
T = !pT/ 2. As an example, we simulate the process

p p → h∗ h → ψ χ∗ + SM for a 500 GeV charged higgs
and plot the reconstructed transverse invariant mass in
Figure 1. Note the transverse mass has a kinematic edge
at the given higgs’ mass.

The careful reader may argue that adding additional
particles to the effective theory will generate large miss-
ing energy signatures for models with Z2 stabilized dark
matter. There are three types of new particles which can
produce non-trivial consequences: a particle, φ, charged
solely under the SM, the next heaviest parity odd par-
ticle, ψ′, which is also charged under the SM and φs

a singlet under the SM and the Z2 symmetry. In the
first case, the coupling λ7 φ∗ ψχ is allowed; thus, gener-
ating the ψ∗ψ + E/T signature with the minimal amount
of suppression mirrors the discussion for the production
and decay of charged higgses via equation 4. We note φ
cannot have random SM quantum numbers which could
forbid yukawa couplings with SM particles. This is gener-
ally true because (1) φ has the quantum numbers of ψcχ∗

and (2) ψ must decay through relevant or irrelevant oper-
ators to χ and the SM to avoid bounds on stable charged
particles [12]. Like the discussion of the two higgs dou-
blets, φ should decay more prominently to the lighter SM
particles than ψ and χ; therefore, the ψ∗ψ + E/T signal
may be suppressed. As before, if there is a non-trivial
decay width into ψ χ∗, plotting the transverse invariant
mass could provide identification of ψ∗ψ+E/T production
from a parity even φ. Consider now two new effective

descriptions where we separately add ψ′ and φs to the
original effective theory of the SM, ψ and χ. In the ψ′

effective theory, it is clear that there are no ψ′ψ χ cou-
plings; however, if ψ and ψ′ have the same charges under
the SM, they can mix by an angle, θ, that is a function of
the mass ratio mψ/mψ′ ; thus, any cross section involving
pair production of a heavy ψ′ with a ψ∗ ψ χ∗ χ final state
is suppressed by at least θ4. We have not demanded that
ψ′ is long lived and can conceivably decay to the SM and
χ via operators analogous to equation 5; thus, from the
SM higgs decay arguments above, a small branching frac-
tion into our signal may be possible from production of
ψ′. In addition, one can consider a Z2 scenario where ψ′

is colored, pair produced and eventually decays to ψ and
a SM neutrino. In Section IV, we consider this process
as a viable example scenario to generate our signal with
parity stabilized DM. The neutrinos are the source of the
missing energy. With the kinematic cuts introduced in
Section III, we compare the signal generated by this pro-
cess to the “non-parity” processes described in Section II.
In the φs effective theory, φs must have O(1) couplings
to the SM in order to be produced at the LHC; thus, it
generally mirrors the SM higgs and charged higgs discus-
sions above. The signal could be generated from φs pair
production and decay via φs ψ∗ψ and φs χ∗χ couplings.
Like before, the parity charge of φs can be ascertained
by considering the φsφs → χ∗ χ + SM process. Both φs
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to two neutrinos and two visible SM particles [15]. The
reader might now argue that a new symmetry or large
coupling could be implemented so that φs decays solely
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be constructed so φ decays solely to DM and ψ. The
large coupling case implies a new accidental symmetry.
In both cases, ψ and χ would then have to be charged
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above, we assert such an effective theory either gener-
ates a suppressed signal or can be identified as a sce-
nario with a Z2 stabilizing symmetry. If further convinc-
ing is necessary, one can list all of the tree-level decay
topologies which result in a ψ∗ ψ χ∗ χ final state where
the mother particles have non-specific charges. The least
suppressed diagrams from this exercise are analogous to
examples above. As a final note, since both φ and φs

can potentially have tree-level SM couplings, generally
precision electroweak measurements place constraints on
their mass to roughly 5 TeV [17]. In the next section,
we briefly outline three models in the literature in which
the dark matter is stabilized by a non-traditional “non-
parity” symmetry. We will subsequently show how these
models generate relatively large ψ∗ψ+E/T signatures. Ul-
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the SM, they can mix by an angle, θ, that is a function of
the mass ratio mψ/mψ′ ; thus, any cross section involving
pair production of a heavy ψ′ with a ψ∗ ψ χ∗ χ final state
is suppressed by at least θ4. We have not demanded that
ψ′ is long lived and can conceivably decay to the SM and
χ via operators analogous to equation 5; thus, from the
SM higgs decay arguments above, a small branching frac-
tion into our signal may be possible from production of
ψ′. In addition, one can consider a Z2 scenario where ψ′

is colored, pair produced and eventually decays to ψ and
a SM neutrino. In Section IV, we consider this process
as a viable example scenario to generate our signal with
parity stabilized DM. The neutrinos are the source of the
missing energy. With the kinematic cuts introduced in
Section III, we compare the signal generated by this pro-
cess to the “non-parity” processes described in Section II.
In the φs effective theory, φs must have O(1) couplings
to the SM in order to be produced at the LHC; thus, it
generally mirrors the SM higgs and charged higgs discus-
sions above. The signal could be generated from φs pair
production and decay via φs ψ∗ψ and φs χ∗χ couplings.
Like before, the parity charge of φs can be ascertained
by considering the φsφs → χ∗ χ + SM process. Both φs

masses could be reconstructed in analogy to ZZ decay
to two neutrinos and two visible SM particles [15]. The
reader might now argue that a new symmetry or large
coupling could be implemented so that φs decays solely
to ψ and DM pairs. Likewise, a similar argument could
be constructed so φ decays solely to DM and ψ. The
large coupling case implies a new accidental symmetry.
In both cases, ψ and χ would then have to be charged
under these new symmetries. This is tantamount to the
new stabilization symmetry we sought to distinguish in
the first place.

An effective theory with some number of φ, ψ′ and
φs particles is also possible. Given all of the arguments
above, we assert such an effective theory either gener-
ates a suppressed signal or can be identified as a sce-
nario with a Z2 stabilizing symmetry. If further convinc-
ing is necessary, one can list all of the tree-level decay
topologies which result in a ψ∗ ψ χ∗ χ final state where
the mother particles have non-specific charges. The least
suppressed diagrams from this exercise are analogous to
examples above. As a final note, since both φ and φs

can potentially have tree-level SM couplings, generally
precision electroweak measurements place constraints on
their mass to roughly 5 TeV [17]. In the next section,
we briefly outline three models in the literature in which
the dark matter is stabilized by a non-traditional “non-
parity” symmetry. We will subsequently show how these
models generate relatively large ψ∗ψ+E/T signatures. Ul-
timately, our signal will be a statistically significant ex-
cess of missing energy in this channel. We present each
model’s results in comparison to effective theories with

1

Λ2
q q ψ χ (1)

1

Λ2
l ν ψ χ (2)

φ+ (3)

φ− (4)

q (5)

q′ (6)

q′ (7)

1

1

Λ2
q q ψ χ (1)

1

Λ2
l ν ψ χ (2)

φ+ (3)

φ− (4)

q (5)

q′ (6)

q′ (7)

1

Thursday, October 7, 2010



Reconstructing Diagrams

UCB-PTH-09/24

Dark Matter Stabilization Symmetries and Long-Lived Particles
at the Large Hadron Collider

Devin G. E. Walker∗

Department of Physics, University of California, Berkeley, CA 94720, U.S.A,
Theoretical Physics Group, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, U.S.A.

Many popular models of new physics beyond the Standard Model use a parity to stabilize weakly
interacting, dark matter candidates. We examine the potential for the CERN Large Hadron Col-
lider to distinguish models with parity stabilized dark matter from models in which the dark matter
is stabilized by other symmetries. In this letter, we focus on signatures involving long-lived par-
ticles and large amounts of missing transverse energy. To illustrate these signatures, we consider
three models from the literature which are representative of a more general class of models with
non-traditional stabilization symmetries. The most optimistic scenario can observe the proposed
signature with a minimum of 10 fb−1 of integrated luminosity at design center of mass energy. It
will probably take considerably longer to validate the stabilizing symmetry is not a simple parity.
In all, we emphasize that the underlying symmetry that stabilizes weakly interacting dark matter
has tremendous implications for the LHC and our understanding of the nature of dark matter.

There is an overwhelming amount of evidence for the
existence of dark matter (DM). Numerous astrophysical,
cosmological and direct detection experiments [1] provide
a consensus picture: viable dark matter candidates must
be stable, neutral under the Standard Model (SM), non-
relativistic at redshifts of z ∼ 3000 and generate the mea-
sured relic abundance of h2 ΩDM = 0.1131 ± 0.0034 [2].
These requirements are general and upon implementation
provide a plethora of models with viable DM candidates.
The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We
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chains of particles charged under “non-parity” stabilization sym-
metries. The result is specific kinematical distributions that are
distinct from traditional parity stabilized models. We explore
this research direction in the collaboration of [10]. In a separate
collaboration [11], we focus on showing how the LHC can distin-
guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
sectors can be the source of the dark matter candidates.

next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.

I. SIGNAL SUPPRESSION FOR PARITY
STABILIZED MODELS

In this section we provide inductive reasoning to sup-
port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-
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FIG. 1: An example reconstructed transverse mass for p p →

h∗ h → ψ χ∗ + q q̄ with 500 GeV charged higgs decaying into
a 200 GeV long-lived ψ and 100 GeV DM χ∗. The most
important aspect of this plot is the kinematic edge at 500
GeV. We apply the cuts consistent with ATLAS and CMS
collaborations with a transverse momentum cut of 200 GeV
and the cuts of equations 16 and 19.

background. The transverse mass is defined as

MT =
√

(ET + E/T )2 − (!pT + !pT/ )2 (9)

where E2
T = !p2

T +M2
ψ and !pT is the transverse momentum

of the ψ particle. In addition, we take !pT/ =
∑

!pT visible

and E/2
T = !pT/ 2. As an example, we simulate the process

p p → h∗ h → ψ χ∗ + SM for a 500 GeV charged higgs
and plot the reconstructed transverse invariant mass in
Figure 1. Note the transverse mass has a kinematic edge
at the given higgs’ mass.

The careful reader may argue that adding additional
particles to the effective theory will generate large miss-
ing energy signatures for models with Z2 stabilized dark
matter. There are three types of new particles which can
produce non-trivial consequences: a particle, φ, charged
solely under the SM, the next heaviest parity odd par-
ticle, ψ′, which is also charged under the SM and φs

a singlet under the SM and the Z2 symmetry. In the
first case, the coupling λ7 φ∗ ψχ is allowed; thus, gener-
ating the ψ∗ψ + E/T signature with the minimal amount
of suppression mirrors the discussion for the production
and decay of charged higgses via equation 4. We note φ
cannot have random SM quantum numbers which could
forbid yukawa couplings with SM particles. This is gener-
ally true because (1) φ has the quantum numbers of ψcχ∗

and (2) ψ must decay through relevant or irrelevant oper-
ators to χ and the SM to avoid bounds on stable charged
particles [12]. Like the discussion of the two higgs dou-
blets, φ should decay more prominently to the lighter SM
particles than ψ and χ; therefore, the ψ∗ψ + E/T signal
may be suppressed. As before, if there is a non-trivial
decay width into ψ χ∗, plotting the transverse invariant
mass could provide identification of ψ∗ψ+E/T production
from a parity even φ. Consider now two new effective

descriptions where we separately add ψ′ and φs to the
original effective theory of the SM, ψ and χ. In the ψ′

effective theory, it is clear that there are no ψ′ψ χ cou-
plings; however, if ψ and ψ′ have the same charges under
the SM, they can mix by an angle, θ, that is a function of
the mass ratio mψ/mψ′ ; thus, any cross section involving
pair production of a heavy ψ′ with a ψ∗ ψ χ∗ χ final state
is suppressed by at least θ4. We have not demanded that
ψ′ is long lived and can conceivably decay to the SM and
χ via operators analogous to equation 5; thus, from the
SM higgs decay arguments above, a small branching frac-
tion into our signal may be possible from production of
ψ′. In addition, one can consider a Z2 scenario where ψ′

is colored, pair produced and eventually decays to ψ and
a SM neutrino. In Section IV, we consider this process
as a viable example scenario to generate our signal with
parity stabilized DM. The neutrinos are the source of the
missing energy. With the kinematic cuts introduced in
Section III, we compare the signal generated by this pro-
cess to the “non-parity” processes described in Section II.
In the φs effective theory, φs must have O(1) couplings
to the SM in order to be produced at the LHC; thus, it
generally mirrors the SM higgs and charged higgs discus-
sions above. The signal could be generated from φs pair
production and decay via φs ψ∗ψ and φs χ∗χ couplings.
Like before, the parity charge of φs can be ascertained
by considering the φsφs → χ∗ χ + SM process. Both φs

masses could be reconstructed in analogy to ZZ decay
to two neutrinos and two visible SM particles [15]. The
reader might now argue that a new symmetry or large
coupling could be implemented so that φs decays solely
to ψ and DM pairs. Likewise, a similar argument could
be constructed so φ decays solely to DM and ψ. The
large coupling case implies a new accidental symmetry.
In both cases, ψ and χ would then have to be charged
under these new symmetries. This is tantamount to the
new stabilization symmetry we sought to distinguish in
the first place.

An effective theory with some number of φ, ψ′ and
φs particles is also possible. Given all of the arguments
above, we assert such an effective theory either gener-
ates a suppressed signal or can be identified as a sce-
nario with a Z2 stabilizing symmetry. If further convinc-
ing is necessary, one can list all of the tree-level decay
topologies which result in a ψ∗ ψ χ∗ χ final state where
the mother particles have non-specific charges. The least
suppressed diagrams from this exercise are analogous to
examples above. As a final note, since both φ and φs

can potentially have tree-level SM couplings, generally
precision electroweak measurements place constraints on
their mass to roughly 5 TeV [17]. In the next section,
we briefly outline three models in the literature in which
the dark matter is stabilized by a non-traditional “non-
parity” symmetry. We will subsequently show how these
models generate relatively large ψ∗ψ+E/T signatures. Ul-
timately, our signal will be a statistically significant ex-
cess of missing energy in this channel. We present each
model’s results in comparison to effective theories with
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lider to distinguish models with parity stabilized dark matter from models in which the dark matter
is stabilized by other symmetries. In this letter, we focus on signatures involving long-lived par-
ticles and large amounts of missing transverse energy. To illustrate these signatures, we consider
three models from the literature which are representative of a more general class of models with
non-traditional stabilization symmetries. The most optimistic scenario can observe the proposed
signature with a minimum of 10 fb−1 of integrated luminosity at design center of mass energy. It
will probably take considerably longer to validate the stabilizing symmetry is not a simple parity.
In all, we emphasize that the underlying symmetry that stabilizes weakly interacting dark matter
has tremendous implications for the LHC and our understanding of the nature of dark matter.

There is an overwhelming amount of evidence for the
existence of dark matter (DM). Numerous astrophysical,
cosmological and direct detection experiments [1] provide
a consensus picture: viable dark matter candidates must
be stable, neutral under the Standard Model (SM), non-
relativistic at redshifts of z ∼ 3000 and generate the mea-
sured relic abundance of h2 ΩDM = 0.1131 ± 0.0034 [2].
These requirements are general and upon implementation
provide a plethora of models with viable DM candidates.
The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We
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next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.

I. SIGNAL SUPPRESSION FOR PARITY
STABILIZED MODELS

In this section we provide inductive reasoning to sup-
port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-
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is stabilized by other symmetries. In this letter, we focus on signatures involving long-lived par-
ticles and large amounts of missing transverse energy. To illustrate these signatures, we consider
three models from the literature which are representative of a more general class of models with
non-traditional stabilization symmetries. The most optimistic scenario can observe the proposed
signature with a minimum of 10 fb−1 of integrated luminosity at design center of mass energy. It
will probably take considerably longer to validate the stabilizing symmetry is not a simple parity.
In all, we emphasize that the underlying symmetry that stabilizes weakly interacting dark matter
has tremendous implications for the LHC and our understanding of the nature of dark matter.

There is an overwhelming amount of evidence for the
existence of dark matter (DM). Numerous astrophysical,
cosmological and direct detection experiments [1] provide
a consensus picture: viable dark matter candidates must
be stable, neutral under the Standard Model (SM), non-
relativistic at redshifts of z ∼ 3000 and generate the mea-
sured relic abundance of h2 ΩDM = 0.1131 ± 0.0034 [2].
These requirements are general and upon implementation
provide a plethora of models with viable DM candidates.
The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We
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chains of particles charged under “non-parity” stabilization sym-
metries. The result is specific kinematical distributions that are
distinct from traditional parity stabilized models. We explore
this research direction in the collaboration of [10]. In a separate
collaboration [11], we focus on showing how the LHC can distin-
guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
sectors can be the source of the dark matter candidates.

next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.

I. SIGNAL SUPPRESSION FOR PARITY
STABILIZED MODELS

In this section we provide inductive reasoning to sup-
port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-
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FIG. 1: An example reconstructed transverse mass for p p →

h∗ h → ψ χ∗ + q q̄ with 500 GeV charged higgs decaying into
a 200 GeV long-lived ψ and 100 GeV DM χ∗. The most
important aspect of this plot is the kinematic edge at 500
GeV. We apply the cuts consistent with ATLAS and CMS
collaborations with a transverse momentum cut of 200 GeV
and the cuts of equations 16 and 19.

background. The transverse mass is defined as

MT =
√

(ET + E/T )2 − (!pT + !pT/ )2 (9)

where E2
T = !p2

T +M2
ψ and !pT is the transverse momentum

of the ψ particle. In addition, we take !pT/ =
∑

!pT visible

and E/2
T = !pT/ 2. As an example, we simulate the process

p p → h∗ h → ψ χ∗ + SM for a 500 GeV charged higgs
and plot the reconstructed transverse invariant mass in
Figure 1. Note the transverse mass has a kinematic edge
at the given higgs’ mass.

The careful reader may argue that adding additional
particles to the effective theory will generate large miss-
ing energy signatures for models with Z2 stabilized dark
matter. There are three types of new particles which can
produce non-trivial consequences: a particle, φ, charged
solely under the SM, the next heaviest parity odd par-
ticle, ψ′, which is also charged under the SM and φs

a singlet under the SM and the Z2 symmetry. In the
first case, the coupling λ7 φ∗ ψχ is allowed; thus, gener-
ating the ψ∗ψ + E/T signature with the minimal amount
of suppression mirrors the discussion for the production
and decay of charged higgses via equation 4. We note φ
cannot have random SM quantum numbers which could
forbid yukawa couplings with SM particles. This is gener-
ally true because (1) φ has the quantum numbers of ψcχ∗

and (2) ψ must decay through relevant or irrelevant oper-
ators to χ and the SM to avoid bounds on stable charged
particles [12]. Like the discussion of the two higgs dou-
blets, φ should decay more prominently to the lighter SM
particles than ψ and χ; therefore, the ψ∗ψ + E/T signal
may be suppressed. As before, if there is a non-trivial
decay width into ψ χ∗, plotting the transverse invariant
mass could provide identification of ψ∗ψ+E/T production
from a parity even φ. Consider now two new effective

descriptions where we separately add ψ′ and φs to the
original effective theory of the SM, ψ and χ. In the ψ′

effective theory, it is clear that there are no ψ′ψ χ cou-
plings; however, if ψ and ψ′ have the same charges under
the SM, they can mix by an angle, θ, that is a function of
the mass ratio mψ/mψ′ ; thus, any cross section involving
pair production of a heavy ψ′ with a ψ∗ ψ χ∗ χ final state
is suppressed by at least θ4. We have not demanded that
ψ′ is long lived and can conceivably decay to the SM and
χ via operators analogous to equation 5; thus, from the
SM higgs decay arguments above, a small branching frac-
tion into our signal may be possible from production of
ψ′. In addition, one can consider a Z2 scenario where ψ′

is colored, pair produced and eventually decays to ψ and
a SM neutrino. In Section IV, we consider this process
as a viable example scenario to generate our signal with
parity stabilized DM. The neutrinos are the source of the
missing energy. With the kinematic cuts introduced in
Section III, we compare the signal generated by this pro-
cess to the “non-parity” processes described in Section II.
In the φs effective theory, φs must have O(1) couplings
to the SM in order to be produced at the LHC; thus, it
generally mirrors the SM higgs and charged higgs discus-
sions above. The signal could be generated from φs pair
production and decay via φs ψ∗ψ and φs χ∗χ couplings.
Like before, the parity charge of φs can be ascertained
by considering the φsφs → χ∗ χ + SM process. Both φs

masses could be reconstructed in analogy to ZZ decay
to two neutrinos and two visible SM particles [15]. The
reader might now argue that a new symmetry or large
coupling could be implemented so that φs decays solely
to ψ and DM pairs. Likewise, a similar argument could
be constructed so φ decays solely to DM and ψ. The
large coupling case implies a new accidental symmetry.
In both cases, ψ and χ would then have to be charged
under these new symmetries. This is tantamount to the
new stabilization symmetry we sought to distinguish in
the first place.

An effective theory with some number of φ, ψ′ and
φs particles is also possible. Given all of the arguments
above, we assert such an effective theory either gener-
ates a suppressed signal or can be identified as a sce-
nario with a Z2 stabilizing symmetry. If further convinc-
ing is necessary, one can list all of the tree-level decay
topologies which result in a ψ∗ ψ χ∗ χ final state where
the mother particles have non-specific charges. The least
suppressed diagrams from this exercise are analogous to
examples above. As a final note, since both φ and φs

can potentially have tree-level SM couplings, generally
precision electroweak measurements place constraints on
their mass to roughly 5 TeV [17]. In the next section,
we briefly outline three models in the literature in which
the dark matter is stabilized by a non-traditional “non-
parity” symmetry. We will subsequently show how these
models generate relatively large ψ∗ψ+E/T signatures. Ul-
timately, our signal will be a statistically significant ex-
cess of missing energy in this channel. We present each
model’s results in comparison to effective theories with
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Many popular models of new physics beyond the Standard Model use a parity to stabilize weakly
interacting, dark matter candidates. We examine the potential for the CERN Large Hadron Col-
lider to distinguish models with parity stabilized dark matter from models in which the dark matter
is stabilized by other symmetries. In this letter, we focus on signatures involving long-lived par-
ticles and large amounts of missing transverse energy. To illustrate these signatures, we consider
three models from the literature which are representative of a more general class of models with
non-traditional stabilization symmetries. The most optimistic scenario can observe the proposed
signature with a minimum of 10 fb−1 of integrated luminosity at design center of mass energy. It
will probably take considerably longer to validate the stabilizing symmetry is not a simple parity.
In all, we emphasize that the underlying symmetry that stabilizes weakly interacting dark matter
has tremendous implications for the LHC and our understanding of the nature of dark matter.

There is an overwhelming amount of evidence for the
existence of dark matter (DM). Numerous astrophysical,
cosmological and direct detection experiments [1] provide
a consensus picture: viable dark matter candidates must
be stable, neutral under the Standard Model (SM), non-
relativistic at redshifts of z ∼ 3000 and generate the mea-
sured relic abundance of h2 ΩDM = 0.1131 ± 0.0034 [2].
These requirements are general and upon implementation
provide a plethora of models with viable DM candidates.
The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We
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1 In addition to long-lived particles, one can also study decay

chains of particles charged under “non-parity” stabilization sym-
metries. The result is specific kinematical distributions that are
distinct from traditional parity stabilized models. We explore
this research direction in the collaboration of [10]. In a separate
collaboration [11], we focus on showing how the LHC can distin-
guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
sectors can be the source of the dark matter candidates.

next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.

I. SIGNAL SUPPRESSION FOR PARITY
STABILIZED MODELS

In this section we provide inductive reasoning to sup-
port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-
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provide a plethora of models with viable DM candidates.
The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We
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chains of particles charged under “non-parity” stabilization sym-
metries. The result is specific kinematical distributions that are
distinct from traditional parity stabilized models. We explore
this research direction in the collaboration of [10]. In a separate
collaboration [11], we focus on showing how the LHC can distin-
guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
sectors can be the source of the dark matter candidates.

next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.

I. SIGNAL SUPPRESSION FOR PARITY
STABILIZED MODELS

In this section we provide inductive reasoning to sup-
port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-
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There is an overwhelming amount of evidence for the
existence of dark matter (DM). Numerous astrophysical,
cosmological and direct detection experiments [1] provide
a consensus picture: viable dark matter candidates must
be stable, neutral under the Standard Model (SM), non-
relativistic at redshifts of z ∼ 3000 and generate the mea-
sured relic abundance of h2 ΩDM = 0.1131 ± 0.0034 [2].
These requirements are general and upon implementation
provide a plethora of models with viable DM candidates.
The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We
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chains of particles charged under “non-parity” stabilization sym-
metries. The result is specific kinematical distributions that are
distinct from traditional parity stabilized models. We explore
this research direction in the collaboration of [10]. In a separate
collaboration [11], we focus on showing how the LHC can distin-
guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
sectors can be the source of the dark matter candidates.

next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.

I. SIGNAL SUPPRESSION FOR PARITY
STABILIZED MODELS

In this section we provide inductive reasoning to sup-
port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-
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FIG. 1: An example reconstructed transverse mass for p p →

h∗ h → ψ χ∗ + q q̄ with 500 GeV charged higgs decaying into
a 200 GeV long-lived ψ and 100 GeV DM χ∗. The most
important aspect of this plot is the kinematic edge at 500
GeV. We apply the cuts consistent with ATLAS and CMS
collaborations with a transverse momentum cut of 200 GeV
and the cuts of equations 16 and 19.

background. The transverse mass is defined as

MT =
√

(ET + E/T )2 − (!pT + !pT/ )2 (9)

where E2
T = !p2

T +M2
ψ and !pT is the transverse momentum

of the ψ particle. In addition, we take !pT/ =
∑

!pT visible

and E/2
T = !pT/ 2. As an example, we simulate the process

p p → h∗ h → ψ χ∗ + SM for a 500 GeV charged higgs
and plot the reconstructed transverse invariant mass in
Figure 1. Note the transverse mass has a kinematic edge
at the given higgs’ mass.

The careful reader may argue that adding additional
particles to the effective theory will generate large miss-
ing energy signatures for models with Z2 stabilized dark
matter. There are three types of new particles which can
produce non-trivial consequences: a particle, φ, charged
solely under the SM, the next heaviest parity odd par-
ticle, ψ′, which is also charged under the SM and φs

a singlet under the SM and the Z2 symmetry. In the
first case, the coupling λ7 φ∗ ψχ is allowed; thus, gener-
ating the ψ∗ψ + E/T signature with the minimal amount
of suppression mirrors the discussion for the production
and decay of charged higgses via equation 4. We note φ
cannot have random SM quantum numbers which could
forbid yukawa couplings with SM particles. This is gener-
ally true because (1) φ has the quantum numbers of ψcχ∗

and (2) ψ must decay through relevant or irrelevant oper-
ators to χ and the SM to avoid bounds on stable charged
particles [12]. Like the discussion of the two higgs dou-
blets, φ should decay more prominently to the lighter SM
particles than ψ and χ; therefore, the ψ∗ψ + E/T signal
may be suppressed. As before, if there is a non-trivial
decay width into ψ χ∗, plotting the transverse invariant
mass could provide identification of ψ∗ψ+E/T production
from a parity even φ. Consider now two new effective

descriptions where we separately add ψ′ and φs to the
original effective theory of the SM, ψ and χ. In the ψ′

effective theory, it is clear that there are no ψ′ψ χ cou-
plings; however, if ψ and ψ′ have the same charges under
the SM, they can mix by an angle, θ, that is a function of
the mass ratio mψ/mψ′ ; thus, any cross section involving
pair production of a heavy ψ′ with a ψ∗ ψ χ∗ χ final state
is suppressed by at least θ4. We have not demanded that
ψ′ is long lived and can conceivably decay to the SM and
χ via operators analogous to equation 5; thus, from the
SM higgs decay arguments above, a small branching frac-
tion into our signal may be possible from production of
ψ′. In addition, one can consider a Z2 scenario where ψ′

is colored, pair produced and eventually decays to ψ and
a SM neutrino. In Section IV, we consider this process
as a viable example scenario to generate our signal with
parity stabilized DM. The neutrinos are the source of the
missing energy. With the kinematic cuts introduced in
Section III, we compare the signal generated by this pro-
cess to the “non-parity” processes described in Section II.
In the φs effective theory, φs must have O(1) couplings
to the SM in order to be produced at the LHC; thus, it
generally mirrors the SM higgs and charged higgs discus-
sions above. The signal could be generated from φs pair
production and decay via φs ψ∗ψ and φs χ∗χ couplings.
Like before, the parity charge of φs can be ascertained
by considering the φsφs → χ∗ χ + SM process. Both φs

masses could be reconstructed in analogy to ZZ decay
to two neutrinos and two visible SM particles [15]. The
reader might now argue that a new symmetry or large
coupling could be implemented so that φs decays solely
to ψ and DM pairs. Likewise, a similar argument could
be constructed so φ decays solely to DM and ψ. The
large coupling case implies a new accidental symmetry.
In both cases, ψ and χ would then have to be charged
under these new symmetries. This is tantamount to the
new stabilization symmetry we sought to distinguish in
the first place.

An effective theory with some number of φ, ψ′ and
φs particles is also possible. Given all of the arguments
above, we assert such an effective theory either gener-
ates a suppressed signal or can be identified as a sce-
nario with a Z2 stabilizing symmetry. If further convinc-
ing is necessary, one can list all of the tree-level decay
topologies which result in a ψ∗ ψ χ∗ χ final state where
the mother particles have non-specific charges. The least
suppressed diagrams from this exercise are analogous to
examples above. As a final note, since both φ and φs

can potentially have tree-level SM couplings, generally
precision electroweak measurements place constraints on
their mass to roughly 5 TeV [17]. In the next section,
we briefly outline three models in the literature in which
the dark matter is stabilized by a non-traditional “non-
parity” symmetry. We will subsequently show how these
models generate relatively large ψ∗ψ+E/T signatures. Ul-
timately, our signal will be a statistically significant ex-
cess of missing energy in this channel. We present each
model’s results in comparison to effective theories with
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plings; however, if ψ and ψ′ have the same charges under
the SM, they can mix by an angle, θ, that is a function of
the mass ratio mψ/mψ′ ; thus, any cross section involving
pair production of a heavy ψ′ with a ψ∗ ψ χ∗ χ final state
is suppressed by at least θ4. We have not demanded that
ψ′ is long lived and can conceivably decay to the SM and
χ via operators analogous to equation 5; thus, from the
SM higgs decay arguments above, a small branching frac-
tion into our signal may be possible from production of
ψ′. In addition, one can consider a Z2 scenario where ψ′

is colored, pair produced and eventually decays to ψ and
a SM neutrino. In Section IV, we consider this process
as a viable example scenario to generate our signal with
parity stabilized DM. The neutrinos are the source of the
missing energy. With the kinematic cuts introduced in
Section III, we compare the signal generated by this pro-
cess to the “non-parity” processes described in Section II.
In the φs effective theory, φs must have O(1) couplings
to the SM in order to be produced at the LHC; thus, it
generally mirrors the SM higgs and charged higgs discus-
sions above. The signal could be generated from φs pair
production and decay via φs ψ∗ψ and φs χ∗χ couplings.
Like before, the parity charge of φs can be ascertained
by considering the φsφs → χ∗ χ + SM process. Both φs

masses could be reconstructed in analogy to ZZ decay
to two neutrinos and two visible SM particles [15]. The
reader might now argue that a new symmetry or large
coupling could be implemented so that φs decays solely
to ψ and DM pairs. Likewise, a similar argument could
be constructed so φ decays solely to DM and ψ. The
large coupling case implies a new accidental symmetry.
In both cases, ψ and χ would then have to be charged
under these new symmetries. This is tantamount to the
new stabilization symmetry we sought to distinguish in
the first place.

An effective theory with some number of φ, ψ′ and
φs particles is also possible. Given all of the arguments
above, we assert such an effective theory either gener-
ates a suppressed signal or can be identified as a sce-
nario with a Z2 stabilizing symmetry. If further convinc-
ing is necessary, one can list all of the tree-level decay
topologies which result in a ψ∗ ψ χ∗ χ final state where
the mother particles have non-specific charges. The least
suppressed diagrams from this exercise are analogous to
examples above. As a final note, since both φ and φs

can potentially have tree-level SM couplings, generally
precision electroweak measurements place constraints on
their mass to roughly 5 TeV [17]. In the next section,
we briefly outline three models in the literature in which
the dark matter is stabilized by a non-traditional “non-
parity” symmetry. We will subsequently show how these
models generate relatively large ψ∗ψ+E/T signatures. Ul-
timately, our signal will be a statistically significant ex-
cess of missing energy in this channel. We present each
model’s results in comparison to effective theories with
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h∗ h → ψ χ∗ + q q̄ with 500 GeV charged higgs decaying into
a 200 GeV long-lived ψ and 100 GeV DM χ∗. The most
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GeV. We apply the cuts consistent with ATLAS and CMS
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and the cuts of equations 16 and 19.

background. The transverse mass is defined as

MT =
√

(ET + E/T )2 − (!pT + !pT/ )2 (9)

where E2
T = !p2

T +M2
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ally true because (1) φ has the quantum numbers of ψcχ∗

and (2) ψ must decay through relevant or irrelevant oper-
ators to χ and the SM to avoid bounds on stable charged
particles [12]. Like the discussion of the two higgs dou-
blets, φ should decay more prominently to the lighter SM
particles than ψ and χ; therefore, the ψ∗ψ + E/T signal
may be suppressed. As before, if there is a non-trivial
decay width into ψ χ∗, plotting the transverse invariant
mass could provide identification of ψ∗ψ+E/T production
from a parity even φ. Consider now two new effective

descriptions where we separately add ψ′ and φs to the
original effective theory of the SM, ψ and χ. In the ψ′

effective theory, it is clear that there are no ψ′ψ χ cou-
plings; however, if ψ and ψ′ have the same charges under
the SM, they can mix by an angle, θ, that is a function of
the mass ratio mψ/mψ′ ; thus, any cross section involving
pair production of a heavy ψ′ with a ψ∗ ψ χ∗ χ final state
is suppressed by at least θ4. We have not demanded that
ψ′ is long lived and can conceivably decay to the SM and
χ via operators analogous to equation 5; thus, from the
SM higgs decay arguments above, a small branching frac-
tion into our signal may be possible from production of
ψ′. In addition, one can consider a Z2 scenario where ψ′

is colored, pair produced and eventually decays to ψ and
a SM neutrino. In Section IV, we consider this process
as a viable example scenario to generate our signal with
parity stabilized DM. The neutrinos are the source of the
missing energy. With the kinematic cuts introduced in
Section III, we compare the signal generated by this pro-
cess to the “non-parity” processes described in Section II.
In the φs effective theory, φs must have O(1) couplings
to the SM in order to be produced at the LHC; thus, it
generally mirrors the SM higgs and charged higgs discus-
sions above. The signal could be generated from φs pair
production and decay via φs ψ∗ψ and φs χ∗χ couplings.
Like before, the parity charge of φs can be ascertained
by considering the φsφs → χ∗ χ + SM process. Both φs

masses could be reconstructed in analogy to ZZ decay
to two neutrinos and two visible SM particles [15]. The
reader might now argue that a new symmetry or large
coupling could be implemented so that φs decays solely
to ψ and DM pairs. Likewise, a similar argument could
be constructed so φ decays solely to DM and ψ. The
large coupling case implies a new accidental symmetry.
In both cases, ψ and χ would then have to be charged
under these new symmetries. This is tantamount to the
new stabilization symmetry we sought to distinguish in
the first place.

An effective theory with some number of φ, ψ′ and
φs particles is also possible. Given all of the arguments
above, we assert such an effective theory either gener-
ates a suppressed signal or can be identified as a sce-
nario with a Z2 stabilizing symmetry. If further convinc-
ing is necessary, one can list all of the tree-level decay
topologies which result in a ψ∗ ψ χ∗ χ final state where
the mother particles have non-specific charges. The least
suppressed diagrams from this exercise are analogous to
examples above. As a final note, since both φ and φs

can potentially have tree-level SM couplings, generally
precision electroweak measurements place constraints on
their mass to roughly 5 TeV [17]. In the next section,
we briefly outline three models in the literature in which
the dark matter is stabilized by a non-traditional “non-
parity” symmetry. We will subsequently show how these
models generate relatively large ψ∗ψ+E/T signatures. Ul-
timately, our signal will be a statistically significant ex-
cess of missing energy in this channel. We present each
model’s results in comparison to effective theories with

3

FIG. 1: An example reconstructed transverse mass for p p →

h∗ h → ψ χ∗ + q q̄ with 500 GeV charged higgs decaying into
a 200 GeV long-lived ψ and 100 GeV DM χ∗. The most
important aspect of this plot is the kinematic edge at 500
GeV. We apply the cuts consistent with ATLAS and CMS
collaborations with a transverse momentum cut of 200 GeV
and the cuts of equations 16 and 19.

background. The transverse mass is defined as

MT =
√

(ET + E/T )2 − (!pT + !pT/ )2 (9)

where E2
T = !p2

T +M2
ψ and !pT is the transverse momentum

of the ψ particle. In addition, we take !pT/ =
∑

!pT visible

and E/2
T = !pT/ 2. As an example, we simulate the process

p p → h∗ h → ψ χ∗ + SM for a 500 GeV charged higgs
and plot the reconstructed transverse invariant mass in
Figure 1. Note the transverse mass has a kinematic edge
at the given higgs’ mass.

The careful reader may argue that adding additional
particles to the effective theory will generate large miss-
ing energy signatures for models with Z2 stabilized dark
matter. There are three types of new particles which can
produce non-trivial consequences: a particle, φ, charged
solely under the SM, the next heaviest parity odd par-
ticle, ψ′, which is also charged under the SM and φs

a singlet under the SM and the Z2 symmetry. In the
first case, the coupling λ7 φ∗ ψχ is allowed; thus, gener-
ating the ψ∗ψ + E/T signature with the minimal amount
of suppression mirrors the discussion for the production
and decay of charged higgses via equation 4. We note φ
cannot have random SM quantum numbers which could
forbid yukawa couplings with SM particles. This is gener-
ally true because (1) φ has the quantum numbers of ψcχ∗

and (2) ψ must decay through relevant or irrelevant oper-
ators to χ and the SM to avoid bounds on stable charged
particles [12]. Like the discussion of the two higgs dou-
blets, φ should decay more prominently to the lighter SM
particles than ψ and χ; therefore, the ψ∗ψ + E/T signal
may be suppressed. As before, if there is a non-trivial
decay width into ψ χ∗, plotting the transverse invariant
mass could provide identification of ψ∗ψ+E/T production
from a parity even φ. Consider now two new effective

descriptions where we separately add ψ′ and φs to the
original effective theory of the SM, ψ and χ. In the ψ′

effective theory, it is clear that there are no ψ′ψ χ cou-
plings; however, if ψ and ψ′ have the same charges under
the SM, they can mix by an angle, θ, that is a function of
the mass ratio mψ/mψ′ ; thus, any cross section involving
pair production of a heavy ψ′ with a ψ∗ ψ χ∗ χ final state
is suppressed by at least θ4. We have not demanded that
ψ′ is long lived and can conceivably decay to the SM and
χ via operators analogous to equation 5; thus, from the
SM higgs decay arguments above, a small branching frac-
tion into our signal may be possible from production of
ψ′. In addition, one can consider a Z2 scenario where ψ′

is colored, pair produced and eventually decays to ψ and
a SM neutrino. In Section IV, we consider this process
as a viable example scenario to generate our signal with
parity stabilized DM. The neutrinos are the source of the
missing energy. With the kinematic cuts introduced in
Section III, we compare the signal generated by this pro-
cess to the “non-parity” processes described in Section II.
In the φs effective theory, φs must have O(1) couplings
to the SM in order to be produced at the LHC; thus, it
generally mirrors the SM higgs and charged higgs discus-
sions above. The signal could be generated from φs pair
production and decay via φs ψ∗ψ and φs χ∗χ couplings.
Like before, the parity charge of φs can be ascertained
by considering the φsφs → χ∗ χ + SM process. Both φs

masses could be reconstructed in analogy to ZZ decay
to two neutrinos and two visible SM particles [15]. The
reader might now argue that a new symmetry or large
coupling could be implemented so that φs decays solely
to ψ and DM pairs. Likewise, a similar argument could
be constructed so φ decays solely to DM and ψ. The
large coupling case implies a new accidental symmetry.
In both cases, ψ and χ would then have to be charged
under these new symmetries. This is tantamount to the
new stabilization symmetry we sought to distinguish in
the first place.

An effective theory with some number of φ, ψ′ and
φs particles is also possible. Given all of the arguments
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Many popular models of new physics beyond the Standard Model use a parity to stabilize weakly
interacting, dark matter candidates. We examine the potential for the CERN Large Hadron Col-
lider to distinguish models with parity stabilized dark matter from models in which the dark matter
is stabilized by other symmetries. In this letter, we focus on signatures involving long-lived par-
ticles and large amounts of missing transverse energy. To illustrate these signatures, we consider
three models from the literature which are representative of a more general class of models with
non-traditional stabilization symmetries. The most optimistic scenario can observe the proposed
signature with a minimum of 10 fb−1 of integrated luminosity at design center of mass energy. It
will probably take considerably longer to validate the stabilizing symmetry is not a simple parity.
In all, we emphasize that the underlying symmetry that stabilizes weakly interacting dark matter
has tremendous implications for the LHC and our understanding of the nature of dark matter.

There is an overwhelming amount of evidence for the
existence of dark matter (DM). Numerous astrophysical,
cosmological and direct detection experiments [1] provide
a consensus picture: viable dark matter candidates must
be stable, neutral under the Standard Model (SM), non-
relativistic at redshifts of z ∼ 3000 and generate the mea-
sured relic abundance of h2 ΩDM = 0.1131 ± 0.0034 [2].
These requirements are general and upon implementation
provide a plethora of models with viable DM candidates.
The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We
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1 In addition to long-lived particles, one can also study decay

chains of particles charged under “non-parity” stabilization sym-
metries. The result is specific kinematical distributions that are
distinct from traditional parity stabilized models. We explore
this research direction in the collaboration of [10]. In a separate
collaboration [11], we focus on showing how the LHC can distin-
guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
sectors can be the source of the dark matter candidates.

next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.

I. SIGNAL SUPPRESSION FOR PARITY
STABILIZED MODELS

In this section we provide inductive reasoning to sup-
port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-

UCB-PTH-09/24

Dark Matter Stabilization Symmetries and Long-Lived Particles
at the Large Hadron Collider

Devin G. E. Walker∗

Department of Physics, University of California, Berkeley, CA 94720, U.S.A,
Theoretical Physics Group, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, U.S.A.

Many popular models of new physics beyond the Standard Model use a parity to stabilize weakly
interacting, dark matter candidates. We examine the potential for the CERN Large Hadron Col-
lider to distinguish models with parity stabilized dark matter from models in which the dark matter
is stabilized by other symmetries. In this letter, we focus on signatures involving long-lived par-
ticles and large amounts of missing transverse energy. To illustrate these signatures, we consider
three models from the literature which are representative of a more general class of models with
non-traditional stabilization symmetries. The most optimistic scenario can observe the proposed
signature with a minimum of 10 fb−1 of integrated luminosity at design center of mass energy. It
will probably take considerably longer to validate the stabilizing symmetry is not a simple parity.
In all, we emphasize that the underlying symmetry that stabilizes weakly interacting dark matter
has tremendous implications for the LHC and our understanding of the nature of dark matter.

There is an overwhelming amount of evidence for the
existence of dark matter (DM). Numerous astrophysical,
cosmological and direct detection experiments [1] provide
a consensus picture: viable dark matter candidates must
be stable, neutral under the Standard Model (SM), non-
relativistic at redshifts of z ∼ 3000 and generate the mea-
sured relic abundance of h2 ΩDM = 0.1131 ± 0.0034 [2].
These requirements are general and upon implementation
provide a plethora of models with viable DM candidates.
The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We

∗Email Address: dgwalker@berkeley.edu.
1 In addition to long-lived particles, one can also study decay

chains of particles charged under “non-parity” stabilization sym-
metries. The result is specific kinematical distributions that are
distinct from traditional parity stabilized models. We explore
this research direction in the collaboration of [10]. In a separate
collaboration [11], we focus on showing how the LHC can distin-
guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
sectors can be the source of the dark matter candidates.

next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.

I. SIGNAL SUPPRESSION FOR PARITY
STABILIZED MODELS

In this section we provide inductive reasoning to sup-
port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-

1

Λ2
q q ψ χ (1)

1

Λ2
l ν ψ χ (2)

h+ (3)

h− (4)

q (5)

q′ (6)

1

1

Λ2
q q ψ χ (1)

1

Λ2
l ν ψ χ (2)

h+ (3)

h− (4)

q (5)

q′ (6)

1

• Define variables:

1

Λ2
q q ψ χ (1)

1

Λ2
l ν ψ χ (2)

φ+ (3)

φ− (4)

q (5)

q′ (6)

q′ (7)

1

1

Λ2
q q ψ χ (1)

1

Λ2
l ν ψ χ (2)

φ+ (3)

φ− (4)

q (5)

q′ (6)

q′ (7)

1

3

FIG. 1: An example reconstructed transverse mass for p p →

h∗ h → ψ χ∗ + q q̄ with 500 GeV charged higgs decaying into
a 200 GeV long-lived ψ and 100 GeV DM χ∗. The most
important aspect of this plot is the kinematic edge at 500
GeV. We apply the cuts consistent with ATLAS and CMS
collaborations with a transverse momentum cut of 200 GeV
and the cuts of equations 16 and 19.

background. The transverse mass is defined as

MT =
√

(ET + E/T )2 − (!pT + !pT/ )2 (9)

where E2
T = !p2

T +M2
ψ and !pT is the transverse momentum

of the ψ particle. In addition, we take !pT/ =
∑

!pT visible

and E/2
T = !pT/ 2. As an example, we simulate the process

p p → h∗ h → ψ χ∗ + SM for a 500 GeV charged higgs
and plot the reconstructed transverse invariant mass in
Figure 1. Note the transverse mass has a kinematic edge
at the given higgs’ mass.

The careful reader may argue that adding additional
particles to the effective theory will generate large miss-
ing energy signatures for models with Z2 stabilized dark
matter. There are three types of new particles which can
produce non-trivial consequences: a particle, φ, charged
solely under the SM, the next heaviest parity odd par-
ticle, ψ′, which is also charged under the SM and φs

a singlet under the SM and the Z2 symmetry. In the
first case, the coupling λ7 φ∗ ψχ is allowed; thus, gener-
ating the ψ∗ψ + E/T signature with the minimal amount
of suppression mirrors the discussion for the production
and decay of charged higgses via equation 4. We note φ
cannot have random SM quantum numbers which could
forbid yukawa couplings with SM particles. This is gener-
ally true because (1) φ has the quantum numbers of ψcχ∗
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ators to χ and the SM to avoid bounds on stable charged
particles [12]. Like the discussion of the two higgs dou-
blets, φ should decay more prominently to the lighter SM
particles than ψ and χ; therefore, the ψ∗ψ + E/T signal
may be suppressed. As before, if there is a non-trivial
decay width into ψ χ∗, plotting the transverse invariant
mass could provide identification of ψ∗ψ+E/T production
from a parity even φ. Consider now two new effective
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the SM, they can mix by an angle, θ, that is a function of
the mass ratio mψ/mψ′ ; thus, any cross section involving
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is suppressed by at least θ4. We have not demanded that
ψ′ is long lived and can conceivably decay to the SM and
χ via operators analogous to equation 5; thus, from the
SM higgs decay arguments above, a small branching frac-
tion into our signal may be possible from production of
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is colored, pair produced and eventually decays to ψ and
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T = !pT/ 2. As an example, we simulate the process
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matter. There are three types of new particles which can
produce non-trivial consequences: a particle, φ, charged
solely under the SM, the next heaviest parity odd par-
ticle, ψ′, which is also charged under the SM and φs

a singlet under the SM and the Z2 symmetry. In the
first case, the coupling λ7 φ∗ ψχ is allowed; thus, gener-
ating the ψ∗ψ + E/T signature with the minimal amount
of suppression mirrors the discussion for the production
and decay of charged higgses via equation 4. We note φ
cannot have random SM quantum numbers which could
forbid yukawa couplings with SM particles. This is gener-
ally true because (1) φ has the quantum numbers of ψcχ∗

and (2) ψ must decay through relevant or irrelevant oper-
ators to χ and the SM to avoid bounds on stable charged
particles [12]. Like the discussion of the two higgs dou-
blets, φ should decay more prominently to the lighter SM
particles than ψ and χ; therefore, the ψ∗ψ + E/T signal
may be suppressed. As before, if there is a non-trivial
decay width into ψ χ∗, plotting the transverse invariant
mass could provide identification of ψ∗ψ+E/T production
from a parity even φ. Consider now two new effective

descriptions where we separately add ψ′ and φs to the
original effective theory of the SM, ψ and χ. In the ψ′

effective theory, it is clear that there are no ψ′ψ χ cou-
plings; however, if ψ and ψ′ have the same charges under
the SM, they can mix by an angle, θ, that is a function of
the mass ratio mψ/mψ′ ; thus, any cross section involving
pair production of a heavy ψ′ with a ψ∗ ψ χ∗ χ final state
is suppressed by at least θ4. We have not demanded that
ψ′ is long lived and can conceivably decay to the SM and
χ via operators analogous to equation 5; thus, from the
SM higgs decay arguments above, a small branching frac-
tion into our signal may be possible from production of
ψ′. In addition, one can consider a Z2 scenario where ψ′

is colored, pair produced and eventually decays to ψ and
a SM neutrino. In Section IV, we consider this process
as a viable example scenario to generate our signal with
parity stabilized DM. The neutrinos are the source of the
missing energy. With the kinematic cuts introduced in
Section III, we compare the signal generated by this pro-
cess to the “non-parity” processes described in Section II.
In the φs effective theory, φs must have O(1) couplings
to the SM in order to be produced at the LHC; thus, it
generally mirrors the SM higgs and charged higgs discus-
sions above. The signal could be generated from φs pair
production and decay via φs ψ∗ψ and φs χ∗χ couplings.
Like before, the parity charge of φs can be ascertained
by considering the φsφs → χ∗ χ + SM process. Both φs

masses could be reconstructed in analogy to ZZ decay
to two neutrinos and two visible SM particles [15]. The
reader might now argue that a new symmetry or large
coupling could be implemented so that φs decays solely
to ψ and DM pairs. Likewise, a similar argument could
be constructed so φ decays solely to DM and ψ. The
large coupling case implies a new accidental symmetry.
In both cases, ψ and χ would then have to be charged
under these new symmetries. This is tantamount to the
new stabilization symmetry we sought to distinguish in
the first place.

An effective theory with some number of φ, ψ′ and
φs particles is also possible. Given all of the arguments
above, we assert such an effective theory either gener-
ates a suppressed signal or can be identified as a sce-
nario with a Z2 stabilizing symmetry. If further convinc-
ing is necessary, one can list all of the tree-level decay
topologies which result in a ψ∗ ψ χ∗ χ final state where
the mother particles have non-specific charges. The least
suppressed diagrams from this exercise are analogous to
examples above. As a final note, since both φ and φs

can potentially have tree-level SM couplings, generally
precision electroweak measurements place constraints on
their mass to roughly 5 TeV [17]. In the next section,
we briefly outline three models in the literature in which
the dark matter is stabilized by a non-traditional “non-
parity” symmetry. We will subsequently show how these
models generate relatively large ψ∗ψ+E/T signatures. Ul-
timately, our signal will be a statistically significant ex-
cess of missing energy in this channel. We present each
model’s results in comparison to effective theories with
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Like before, the parity charge of φs can be ascertained
by considering the φsφs → χ∗ χ + SM process. Both φs

masses could be reconstructed in analogy to ZZ decay
to two neutrinos and two visible SM particles [15]. The
reader might now argue that a new symmetry or large
coupling could be implemented so that φs decays solely
to ψ and DM pairs. Likewise, a similar argument could
be constructed so φ decays solely to DM and ψ. The
large coupling case implies a new accidental symmetry.
In both cases, ψ and χ would then have to be charged
under these new symmetries. This is tantamount to the
new stabilization symmetry we sought to distinguish in
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An effective theory with some number of φ, ψ′ and
φs particles is also possible. Given all of the arguments
above, we assert such an effective theory either gener-
ates a suppressed signal or can be identified as a sce-
nario with a Z2 stabilizing symmetry. If further convinc-
ing is necessary, one can list all of the tree-level decay
topologies which result in a ψ∗ ψ χ∗ χ final state where
the mother particles have non-specific charges. The least
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can potentially have tree-level SM couplings, generally
precision electroweak measurements place constraints on
their mass to roughly 5 TeV [17]. In the next section,
we briefly outline three models in the literature in which
the dark matter is stabilized by a non-traditional “non-
parity” symmetry. We will subsequently show how these
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timately, our signal will be a statistically significant ex-
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Many popular models of new physics beyond the Standard Model use a parity to stabilize weakly
interacting, dark matter candidates. We examine the potential for the CERN Large Hadron Col-
lider to distinguish models with parity stabilized dark matter from models in which the dark matter
is stabilized by other symmetries. In this letter, we focus on signatures involving long-lived par-
ticles and large amounts of missing transverse energy. To illustrate these signatures, we consider
three models from the literature which are representative of a more general class of models with
non-traditional stabilization symmetries. The most optimistic scenario can observe the proposed
signature with a minimum of 10 fb−1 of integrated luminosity at design center of mass energy. It
will probably take considerably longer to validate the stabilizing symmetry is not a simple parity.
In all, we emphasize that the underlying symmetry that stabilizes weakly interacting dark matter
has tremendous implications for the LHC and our understanding of the nature of dark matter.

There is an overwhelming amount of evidence for the
existence of dark matter (DM). Numerous astrophysical,
cosmological and direct detection experiments [1] provide
a consensus picture: viable dark matter candidates must
be stable, neutral under the Standard Model (SM), non-
relativistic at redshifts of z ∼ 3000 and generate the mea-
sured relic abundance of h2 ΩDM = 0.1131 ± 0.0034 [2].
These requirements are general and upon implementation
provide a plethora of models with viable DM candidates.
The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We

∗Email Address: dgwalker@berkeley.edu.
1 In addition to long-lived particles, one can also study decay

chains of particles charged under “non-parity” stabilization sym-
metries. The result is specific kinematical distributions that are
distinct from traditional parity stabilized models. We explore
this research direction in the collaboration of [10]. In a separate
collaboration [11], we focus on showing how the LHC can distin-
guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
sectors can be the source of the dark matter candidates.

next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.

I. SIGNAL SUPPRESSION FOR PARITY
STABILIZED MODELS

In this section we provide inductive reasoning to sup-
port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-
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metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
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FIG. 1: An example reconstructed transverse mass for p p →

h∗ h → ψ χ∗ + q q̄ with 500 GeV charged higgs decaying into
a 200 GeV long-lived ψ and 100 GeV DM χ∗. The most
important aspect of this plot is the kinematic edge at 500
GeV. We apply the cuts consistent with ATLAS and CMS
collaborations with a transverse momentum cut of 200 GeV
and the cuts of equations 16 and 19.

background. The transverse mass is defined as

MT =
√

(ET + E/T )2 − (!pT + !pT/ )2 (9)

where E2
T = !p2

T +M2
ψ and !pT is the transverse momentum

of the ψ particle. In addition, we take !pT/ =
∑

!pT visible

and E/2
T = !pT/ 2. As an example, we simulate the process

p p → h∗ h → ψ χ∗ + SM for a 500 GeV charged higgs
and plot the reconstructed transverse invariant mass in
Figure 1. Note the transverse mass has a kinematic edge
at the given higgs’ mass.

The careful reader may argue that adding additional
particles to the effective theory will generate large miss-
ing energy signatures for models with Z2 stabilized dark
matter. There are three types of new particles which can
produce non-trivial consequences: a particle, φ, charged
solely under the SM, the next heaviest parity odd par-
ticle, ψ′, which is also charged under the SM and φs

a singlet under the SM and the Z2 symmetry. In the
first case, the coupling λ7 φ∗ ψχ is allowed; thus, gener-
ating the ψ∗ψ + E/T signature with the minimal amount
of suppression mirrors the discussion for the production
and decay of charged higgses via equation 4. We note φ
cannot have random SM quantum numbers which could
forbid yukawa couplings with SM particles. This is gener-
ally true because (1) φ has the quantum numbers of ψcχ∗

and (2) ψ must decay through relevant or irrelevant oper-
ators to χ and the SM to avoid bounds on stable charged
particles [12]. Like the discussion of the two higgs dou-
blets, φ should decay more prominently to the lighter SM
particles than ψ and χ; therefore, the ψ∗ψ + E/T signal
may be suppressed. As before, if there is a non-trivial
decay width into ψ χ∗, plotting the transverse invariant
mass could provide identification of ψ∗ψ+E/T production
from a parity even φ. Consider now two new effective

descriptions where we separately add ψ′ and φs to the
original effective theory of the SM, ψ and χ. In the ψ′

effective theory, it is clear that there are no ψ′ψ χ cou-
plings; however, if ψ and ψ′ have the same charges under
the SM, they can mix by an angle, θ, that is a function of
the mass ratio mψ/mψ′ ; thus, any cross section involving
pair production of a heavy ψ′ with a ψ∗ ψ χ∗ χ final state
is suppressed by at least θ4. We have not demanded that
ψ′ is long lived and can conceivably decay to the SM and
χ via operators analogous to equation 5; thus, from the
SM higgs decay arguments above, a small branching frac-
tion into our signal may be possible from production of
ψ′. In addition, one can consider a Z2 scenario where ψ′

is colored, pair produced and eventually decays to ψ and
a SM neutrino. In Section IV, we consider this process
as a viable example scenario to generate our signal with
parity stabilized DM. The neutrinos are the source of the
missing energy. With the kinematic cuts introduced in
Section III, we compare the signal generated by this pro-
cess to the “non-parity” processes described in Section II.
In the φs effective theory, φs must have O(1) couplings
to the SM in order to be produced at the LHC; thus, it
generally mirrors the SM higgs and charged higgs discus-
sions above. The signal could be generated from φs pair
production and decay via φs ψ∗ψ and φs χ∗χ couplings.
Like before, the parity charge of φs can be ascertained
by considering the φsφs → χ∗ χ + SM process. Both φs

masses could be reconstructed in analogy to ZZ decay
to two neutrinos and two visible SM particles [15]. The
reader might now argue that a new symmetry or large
coupling could be implemented so that φs decays solely
to ψ and DM pairs. Likewise, a similar argument could
be constructed so φ decays solely to DM and ψ. The
large coupling case implies a new accidental symmetry.
In both cases, ψ and χ would then have to be charged
under these new symmetries. This is tantamount to the
new stabilization symmetry we sought to distinguish in
the first place.

An effective theory with some number of φ, ψ′ and
φs particles is also possible. Given all of the arguments
above, we assert such an effective theory either gener-
ates a suppressed signal or can be identified as a sce-
nario with a Z2 stabilizing symmetry. If further convinc-
ing is necessary, one can list all of the tree-level decay
topologies which result in a ψ∗ ψ χ∗ χ final state where
the mother particles have non-specific charges. The least
suppressed diagrams from this exercise are analogous to
examples above. As a final note, since both φ and φs

can potentially have tree-level SM couplings, generally
precision electroweak measurements place constraints on
their mass to roughly 5 TeV [17]. In the next section,
we briefly outline three models in the literature in which
the dark matter is stabilized by a non-traditional “non-
parity” symmetry. We will subsequently show how these
models generate relatively large ψ∗ψ+E/T signatures. Ul-
timately, our signal will be a statistically significant ex-
cess of missing energy in this channel. We present each
model’s results in comparison to effective theories with

• 500 GeV    , 200 GeV     and 100 GeV DM    .
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There is an overwhelming amount of evidence for the
existence of dark matter (DM). Numerous astrophysical,
cosmological and direct detection experiments [1] provide
a consensus picture: viable dark matter candidates must
be stable, neutral under the Standard Model (SM), non-
relativistic at redshifts of z ∼ 3000 and generate the mea-
sured relic abundance of h2 ΩDM = 0.1131 ± 0.0034 [2].
These requirements are general and upon implementation
provide a plethora of models with viable DM candidates.
The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We
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chains of particles charged under “non-parity” stabilization sym-
metries. The result is specific kinematical distributions that are
distinct from traditional parity stabilized models. We explore
this research direction in the collaboration of [10]. In a separate
collaboration [11], we focus on showing how the LHC can distin-
guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
sectors can be the source of the dark matter candidates.

next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.

I. SIGNAL SUPPRESSION FOR PARITY
STABILIZED MODELS

In this section we provide inductive reasoning to sup-
port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-

1

Λ2
q q ψ χ (1)

1

Λ2
l ν ψ χ (2)

φ+ (3)

φ− (4)

q (5)

q� (6)

q� (7)

l (8)

ν (9)

φ (10)

1

UCB-PTH-09/24

Dark Matter Stabilization Symmetries and Long-Lived Particles
at the Large Hadron Collider

Devin G. E. Walker∗

Department of Physics, University of California, Berkeley, CA 94720, U.S.A,
Theoretical Physics Group, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, U.S.A.

Many popular models of new physics beyond the Standard Model use a parity to stabilize weakly
interacting, dark matter candidates. We examine the potential for the CERN Large Hadron Col-
lider to distinguish models with parity stabilized dark matter from models in which the dark matter
is stabilized by other symmetries. In this letter, we focus on signatures involving long-lived par-
ticles and large amounts of missing transverse energy. To illustrate these signatures, we consider
three models from the literature which are representative of a more general class of models with
non-traditional stabilization symmetries. The most optimistic scenario can observe the proposed
signature with a minimum of 10 fb−1 of integrated luminosity at design center of mass energy. It
will probably take considerably longer to validate the stabilizing symmetry is not a simple parity.
In all, we emphasize that the underlying symmetry that stabilizes weakly interacting dark matter
has tremendous implications for the LHC and our understanding of the nature of dark matter.

There is an overwhelming amount of evidence for the
existence of dark matter (DM). Numerous astrophysical,
cosmological and direct detection experiments [1] provide
a consensus picture: viable dark matter candidates must
be stable, neutral under the Standard Model (SM), non-
relativistic at redshifts of z ∼ 3000 and generate the mea-
sured relic abundance of h2 ΩDM = 0.1131 ± 0.0034 [2].
These requirements are general and upon implementation
provide a plethora of models with viable DM candidates.
The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We
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chains of particles charged under “non-parity” stabilization sym-
metries. The result is specific kinematical distributions that are
distinct from traditional parity stabilized models. We explore
this research direction in the collaboration of [10]. In a separate
collaboration [11], we focus on showing how the LHC can distin-
guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
sectors can be the source of the dark matter candidates.

next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.

I. SIGNAL SUPPRESSION FOR PARITY
STABILIZED MODELS

In this section we provide inductive reasoning to sup-
port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-
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existence of dark matter (DM). Numerous astrophysical,
cosmological and direct detection experiments [1] provide
a consensus picture: viable dark matter candidates must
be stable, neutral under the Standard Model (SM), non-
relativistic at redshifts of z ∼ 3000 and generate the mea-
sured relic abundance of h2 ΩDM = 0.1131 ± 0.0034 [2].
These requirements are general and upon implementation
provide a plethora of models with viable DM candidates.
The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We
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chains of particles charged under “non-parity” stabilization sym-
metries. The result is specific kinematical distributions that are
distinct from traditional parity stabilized models. We explore
this research direction in the collaboration of [10]. In a separate
collaboration [11], we focus on showing how the LHC can distin-
guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
sectors can be the source of the dark matter candidates.

next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.

I. SIGNAL SUPPRESSION FOR PARITY
STABILIZED MODELS

In this section we provide inductive reasoning to sup-
port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-
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Higgs and extra-dimensional scenarios, typically stabilize
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ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
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FIG. 1: An example reconstructed transverse mass for p p →

h∗ h → ψ χ∗ + q q̄ with 500 GeV charged higgs decaying into
a 200 GeV long-lived ψ and 100 GeV DM χ∗. The most
important aspect of this plot is the kinematic edge at 500
GeV. We apply the cuts consistent with ATLAS and CMS
collaborations with a transverse momentum cut of 200 GeV
and the cuts of equations 16 and 19.

background. The transverse mass is defined as

MT =
√

(ET + E/T )2 − (!pT + !pT/ )2 (9)

where E2
T = !p2

T +M2
ψ and !pT is the transverse momentum

of the ψ particle. In addition, we take !pT/ =
∑

!pT visible

and E/2
T = !pT/ 2. As an example, we simulate the process

p p → h∗ h → ψ χ∗ + SM for a 500 GeV charged higgs
and plot the reconstructed transverse invariant mass in
Figure 1. Note the transverse mass has a kinematic edge
at the given higgs’ mass.

The careful reader may argue that adding additional
particles to the effective theory will generate large miss-
ing energy signatures for models with Z2 stabilized dark
matter. There are three types of new particles which can
produce non-trivial consequences: a particle, φ, charged
solely under the SM, the next heaviest parity odd par-
ticle, ψ′, which is also charged under the SM and φs

a singlet under the SM and the Z2 symmetry. In the
first case, the coupling λ7 φ∗ ψχ is allowed; thus, gener-
ating the ψ∗ψ + E/T signature with the minimal amount
of suppression mirrors the discussion for the production
and decay of charged higgses via equation 4. We note φ
cannot have random SM quantum numbers which could
forbid yukawa couplings with SM particles. This is gener-
ally true because (1) φ has the quantum numbers of ψcχ∗

and (2) ψ must decay through relevant or irrelevant oper-
ators to χ and the SM to avoid bounds on stable charged
particles [12]. Like the discussion of the two higgs dou-
blets, φ should decay more prominently to the lighter SM
particles than ψ and χ; therefore, the ψ∗ψ + E/T signal
may be suppressed. As before, if there is a non-trivial
decay width into ψ χ∗, plotting the transverse invariant
mass could provide identification of ψ∗ψ+E/T production
from a parity even φ. Consider now two new effective

descriptions where we separately add ψ′ and φs to the
original effective theory of the SM, ψ and χ. In the ψ′

effective theory, it is clear that there are no ψ′ψ χ cou-
plings; however, if ψ and ψ′ have the same charges under
the SM, they can mix by an angle, θ, that is a function of
the mass ratio mψ/mψ′ ; thus, any cross section involving
pair production of a heavy ψ′ with a ψ∗ ψ χ∗ χ final state
is suppressed by at least θ4. We have not demanded that
ψ′ is long lived and can conceivably decay to the SM and
χ via operators analogous to equation 5; thus, from the
SM higgs decay arguments above, a small branching frac-
tion into our signal may be possible from production of
ψ′. In addition, one can consider a Z2 scenario where ψ′

is colored, pair produced and eventually decays to ψ and
a SM neutrino. In Section IV, we consider this process
as a viable example scenario to generate our signal with
parity stabilized DM. The neutrinos are the source of the
missing energy. With the kinematic cuts introduced in
Section III, we compare the signal generated by this pro-
cess to the “non-parity” processes described in Section II.
In the φs effective theory, φs must have O(1) couplings
to the SM in order to be produced at the LHC; thus, it
generally mirrors the SM higgs and charged higgs discus-
sions above. The signal could be generated from φs pair
production and decay via φs ψ∗ψ and φs χ∗χ couplings.
Like before, the parity charge of φs can be ascertained
by considering the φsφs → χ∗ χ + SM process. Both φs

masses could be reconstructed in analogy to ZZ decay
to two neutrinos and two visible SM particles [15]. The
reader might now argue that a new symmetry or large
coupling could be implemented so that φs decays solely
to ψ and DM pairs. Likewise, a similar argument could
be constructed so φ decays solely to DM and ψ. The
large coupling case implies a new accidental symmetry.
In both cases, ψ and χ would then have to be charged
under these new symmetries. This is tantamount to the
new stabilization symmetry we sought to distinguish in
the first place.

An effective theory with some number of φ, ψ′ and
φs particles is also possible. Given all of the arguments
above, we assert such an effective theory either gener-
ates a suppressed signal or can be identified as a sce-
nario with a Z2 stabilizing symmetry. If further convinc-
ing is necessary, one can list all of the tree-level decay
topologies which result in a ψ∗ ψ χ∗ χ final state where
the mother particles have non-specific charges. The least
suppressed diagrams from this exercise are analogous to
examples above. As a final note, since both φ and φs

can potentially have tree-level SM couplings, generally
precision electroweak measurements place constraints on
their mass to roughly 5 TeV [17]. In the next section,
we briefly outline three models in the literature in which
the dark matter is stabilized by a non-traditional “non-
parity” symmetry. We will subsequently show how these
models generate relatively large ψ∗ψ+E/T signatures. Ul-
timately, our signal will be a statistically significant ex-
cess of missing energy in this channel. We present each
model’s results in comparison to effective theories with
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three models from the literature which are representative of a more general class of models with
non-traditional stabilization symmetries. The most optimistic scenario can observe the proposed
signature with a minimum of 10 fb−1 of integrated luminosity at design center of mass energy. It
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There is an overwhelming amount of evidence for the
existence of dark matter (DM). Numerous astrophysical,
cosmological and direct detection experiments [1] provide
a consensus picture: viable dark matter candidates must
be stable, neutral under the Standard Model (SM), non-
relativistic at redshifts of z ∼ 3000 and generate the mea-
sured relic abundance of h2 ΩDM = 0.1131 ± 0.0034 [2].
These requirements are general and upon implementation
provide a plethora of models with viable DM candidates.
The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We
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chains of particles charged under “non-parity” stabilization sym-
metries. The result is specific kinematical distributions that are
distinct from traditional parity stabilized models. We explore
this research direction in the collaboration of [10]. In a separate
collaboration [11], we focus on showing how the LHC can distin-
guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
sectors can be the source of the dark matter candidates.

next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.

I. SIGNAL SUPPRESSION FOR PARITY
STABILIZED MODELS

In this section we provide inductive reasoning to sup-
port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-
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There is an overwhelming amount of evidence for the
existence of dark matter (DM). Numerous astrophysical,
cosmological and direct detection experiments [1] provide
a consensus picture: viable dark matter candidates must
be stable, neutral under the Standard Model (SM), non-
relativistic at redshifts of z ∼ 3000 and generate the mea-
sured relic abundance of h2 ΩDM = 0.1131 ± 0.0034 [2].
These requirements are general and upon implementation
provide a plethora of models with viable DM candidates.
The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We

∗Email Address: dgwalker@berkeley.edu.
1 In addition to long-lived particles, one can also study decay

chains of particles charged under “non-parity” stabilization sym-
metries. The result is specific kinematical distributions that are
distinct from traditional parity stabilized models. We explore
this research direction in the collaboration of [10]. In a separate
collaboration [11], we focus on showing how the LHC can distin-
guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
sectors can be the source of the dark matter candidates.

next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.

I. SIGNAL SUPPRESSION FOR PARITY
STABILIZED MODELS

In this section we provide inductive reasoning to sup-
port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-
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There is an overwhelming amount of evidence for the
existence of dark matter (DM). Numerous astrophysical,
cosmological and direct detection experiments [1] provide
a consensus picture: viable dark matter candidates must
be stable, neutral under the Standard Model (SM), non-
relativistic at redshifts of z ∼ 3000 and generate the mea-
sured relic abundance of h2 ΩDM = 0.1131 ± 0.0034 [2].
These requirements are general and upon implementation
provide a plethora of models with viable DM candidates.
The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We
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chains of particles charged under “non-parity” stabilization sym-
metries. The result is specific kinematical distributions that are
distinct from traditional parity stabilized models. We explore
this research direction in the collaboration of [10]. In a separate
collaboration [11], we focus on showing how the LHC can distin-
guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
sectors can be the source of the dark matter candidates.

next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.

I. SIGNAL SUPPRESSION FOR PARITY
STABILIZED MODELS

In this section we provide inductive reasoning to sup-
port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-
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There is an overwhelming amount of evidence for the
existence of dark matter (DM). Numerous astrophysical,
cosmological and direct detection experiments [1] provide
a consensus picture: viable dark matter candidates must
be stable, neutral under the Standard Model (SM), non-
relativistic at redshifts of z ∼ 3000 and generate the mea-
sured relic abundance of h2 ΩDM = 0.1131 ± 0.0034 [2].
These requirements are general and upon implementation
provide a plethora of models with viable DM candidates.
The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We
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metries. The result is specific kinematical distributions that are
distinct from traditional parity stabilized models. We explore
this research direction in the collaboration of [10]. In a separate
collaboration [11], we focus on showing how the LHC can distin-
guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
sectors can be the source of the dark matter candidates.

next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.

I. SIGNAL SUPPRESSION FOR PARITY
STABILIZED MODELS

In this section we provide inductive reasoning to sup-
port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-
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a consensus picture: viable dark matter candidates must
be stable, neutral under the Standard Model (SM), non-
relativistic at redshifts of z ∼ 3000 and generate the mea-
sured relic abundance of h2 ΩDM = 0.1131 ± 0.0034 [2].
These requirements are general and upon implementation
provide a plethora of models with viable DM candidates.
The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We
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next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.
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metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
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have an even number of such particles in the final state.
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relativistic at redshifts of z ∼ 3000 and generate the mea-
sured relic abundance of h2 ΩDM = 0.1131 ± 0.0034 [2].
These requirements are general and upon implementation
provide a plethora of models with viable DM candidates.
The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We

∗Email Address: dgwalker@berkeley.edu.
1 In addition to long-lived particles, one can also study decay

chains of particles charged under “non-parity” stabilization sym-
metries. The result is specific kinematical distributions that are
distinct from traditional parity stabilized models. We explore
this research direction in the collaboration of [10]. In a separate
collaboration [11], we focus on showing how the LHC can distin-
guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
sectors can be the source of the dark matter candidates.

next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.

I. SIGNAL SUPPRESSION FOR PARITY
STABILIZED MODELS

In this section we provide inductive reasoning to sup-
port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-
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Model Parameters

• Take masses of the meta-stable particles to be

• All dark matter candidates are 

7

where P = βm/
√

1 − β2. Full simulation of ionization
effects are beyond the scope of this work. As a simplifica-
tion, we simply retained all events with charged hadrons
in the simulated CMS tracker. For the simulated events
we tag at least two long-lived particles in the muon detec-
tor.5 We require these particles to be in the triggerable
part of the muon detector

|η| ≤ 2.4. (19)

ATLAS requires no hard jets in the calorimeters to come
within a cone of ∆RATLAS ≤ 0.4 of the “muon” track.
CMS requires the track from the inner detector to be in
a ∆RCMS ≤ 0.1 cone of the “muon” track in the muon
detector. Here ∆R =

√

∆η2 + ∆φ2 where η (φ) is the
pseudorapidity (transverse angle) of the event. For the
ATLAS cuts, the collaboration finds a signal to back-
ground ratio of S/B = 2.6 × 103 for an integrated lumi-
nosity of 1 fb−1. Similarly, for the CMS cuts, that collab-
oration find a “background free region” for 100 pb−1 [29].
With such a high expected S/B ratio from both collabo-
rations, our analysis will not focus on the traditional SM
backgrounds.

Because we are looking for signatures with at least
two long-lived particles plus large E/T , there are irre-
ducible backgrounds to consider. To begin, the Z bo-
son can decay to neutrinos and generate the signal via
p p → ψ∗ψ Z → ψ∗ ψ ν∗ ν. The precise Z invisible width
is well known and can be accounted for. Further verifi-
cation the Z is the cause of the missing energy can come
from counting the number of pp → ψ∗ψ Z → ψ∗ψ l∗ l
or → ψ∗ψ q∗ q events and reconstructing the Z invariant
mass for identification. To be conservative, in addition
to the invisible Z width, we also assume a contribution
from an invisible SM higgs decay; thus, we assume the
operator, κ hχ ∗χ, in our effective theory where κ ≈ 0.5.
χ is taken to be Dirac dark matter to maximize the invis-
ible decay width. See equation 8. Again, conservatively,
we assume an additional irreducible background from ψ′

production and decay: p p → ψ′∗ψ′ → ψ∗ ψ ν∗ ν. Here ψ′

is a heavy, parity odd particle charged under the SM. We
require a statistically significant number of signal events
above these irreducible backgrounds and impose a miss-
ing energy cut of

E/T > 100 GeV. (20)

For the first and third models in the previous section, pair
production for ψ particles typically dominates by orders
of magnitude over the ψ∗ψ + E/T signature. The ψ∗ ψ
production is generally back-to-back. To further define
the signal, we require the angle in the transverse plane
to be

cosφ > −0.9. (21)

5 If an odd number of long-lived, visible particles are detected in
addition to the ψ∗ψ +E/T signature, it is clear a symmetry other
than a parity is responsible.

to effectively eliminate the ψ∗ψ production. We note
next-to-leading (NLO) order QCD jets emanating from
ψ can generate events with cosφ > −0.9; further, jet miss
measurement can lead to false missing energy signatures.
The analysis in the next section is done at leading or-
der; however, ATLAS has estimated for 1 TeV long lived
gluinos

The combination of the missing E/T and cosφ cuts
The analysis in the next section is done at leading or-

der; however, ATLAS has estimated roughly
the number of NLO events as a function of cosφ ex-

pected for 1 TeV long lived gluinos. [29] Roughly, 15%
of the events for p p → g̃∗ g̃ have cosφ > −0.9; however,
the majority

Although the missing energy cut eliminates many of
these events, as a final cut, we require a veto events with
these hard jets.

IV. ANALYSIS AND RESULTS

In this section, we show a statistically significant excess
of missing energy for our signal of two long-lived parti-
cles, ψ, plus large amounts of missing transverse energy,
E/T . To characterize this signal, we focus on the three
models described in Section II. All events are simulated
for the LHC at design 14 TeV center of mass energy.
Our simulations use CTEQ Set 4M parton distribution
functions. αs is calculated at two loops with the renor-
malization and factorization scales set by

√
ŝ/2. After

implementing the cuts described in the previous section,
we assume 100% tagging efficiency for the visible heavy,
long-lived particles. The masses of the stable particles
are taken as

mψ = 300, 600 GeV. (22)

The mass of the DM candidates is set to be

mχ = 100 GeV. (23)

In the first section, we argued models with parity sta-
bilized dark matter generated suppressed ψ∗ψ + E/T sig-
natures. To quantify this statement we consider a par-
ity conserving effective theory. As discussed before, we
choose the effective theory to have the SM, SM higgs and
parity odd ψ and Dirac DM, χ, as the relevant low en-
ergy degrees of freedom below the cutoff Λ. The first
scenario, labeled h0 → χ∗χ, a SM higgs is emitted from
one of the pair produced ψ particles. We require the SM
higgs to have a significant invisible branching fraction
into the DM. Conservatively, we take the coupling from
equation 2 to be λ2f = 2 with Λ = 1 TeV. As discussed
below equation 8, a 300 GeV SM higgs decaying into
Dirac DM has a relatively enhanced invisible width. For
these parameters, the generated background events are
listed in Table I. As shown, the process involving the in-
visible higgs decay width is generally down by a factor of
100 from the process involving a Z invisible width. This
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production for ψ particles typically dominates by orders
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next-to-leading (NLO) order QCD jets emanating from
ψ can generate events with cosφ > −0.9; further, jet miss
measurement can lead to false missing energy signatures.
The analysis in the next section is done at leading or-
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pected for 1 TeV long lived gluinos. [29] Roughly, 15%
of the events for p p → g̃∗ g̃ have cosφ > −0.9; however,
the majority

Although the missing energy cut eliminates many of
these events, as a final cut, we require a veto events with
these hard jets.

IV. ANALYSIS AND RESULTS

In this section, we show a statistically significant excess
of missing energy for our signal of two long-lived parti-
cles, ψ, plus large amounts of missing transverse energy,
E/T . To characterize this signal, we focus on the three
models described in Section II. All events are simulated
for the LHC at design 14 TeV center of mass energy.
Our simulations use CTEQ Set 4M parton distribution
functions. αs is calculated at two loops with the renor-
malization and factorization scales set by

√
ŝ/2. After

implementing the cuts described in the previous section,
we assume 100% tagging efficiency for the visible heavy,
long-lived particles. The masses of the stable particles
are taken as

mψ = 300, 600 GeV. (22)

The mass of the DM candidates is set to be

mχ = 100 GeV. (23)

In the first section, we argued models with parity sta-
bilized dark matter generated suppressed ψ∗ψ + E/T sig-
natures. To quantify this statement we consider a par-
ity conserving effective theory. As discussed before, we
choose the effective theory to have the SM, SM higgs and
parity odd ψ and Dirac DM, χ, as the relevant low en-
ergy degrees of freedom below the cutoff Λ. The first
scenario, labeled h0 → χ∗χ, a SM higgs is emitted from
one of the pair produced ψ particles. We require the SM
higgs to have a significant invisible branching fraction
into the DM. Conservatively, we take the coupling from
equation 2 to be λ2f = 2 with Λ = 1 TeV. As discussed
below equation 8, a 300 GeV SM higgs decaying into
Dirac DM has a relatively enhanced invisible width. For
these parameters, the generated background events are
listed in Table I. As shown, the process involving the in-
visible higgs decay width is generally down by a factor of
100 from the process involving a Z invisible width. This

Thursday, October 7, 2010



Backgrounds

• Many SM process produce a potential background:  
light quark production (QCD), bbbar, ttbar, W, Z, 
WW and ZZ.

• Any SUSY process with final state neutrinos.

• ATLAS and CMS have unique approaches to 
eliminate the backgrounds.
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An Additional SM Background

• SM can produce a similar missing energy process 
by radiating off a Z boson:

Important the signal cross section is no less than 
10% of the SM background (conservatively) to 
preclude statistical fluctuations

Figure 11: χ Tree-Level Annihilation Diagrams: The leftmost diagrams have
the rightmost diagrams as final states. Here f = e, µ, τ, u, d, c, s, t, b (depend-
ing on the mass of the dark matter)

loop level (Figure 12). We will not calculate these diagrams because they
are more highly suppressed.

p p → QQ χ χ p p → L L χ χ

V ∼ . . . + λ6 v2vh h0 ρ2 + 4 λ5 v1vh h0 ρ1 + 4 λ3 v1v2 ρ1ρ2 +

+ 4 λ1v1 ρ3
1 + 4 λ2 v2 ρ3

2 + 4 λ2 v2 ρ2 π2 + 4 λh vh h3
0 + 2 λ3 v1 ρ1 ρ2

2

+ 2 λ3 v1 ρ1 π2 + 2 λ3 v2 ρ2 ρ2
1 + 2 λ5 v1 ρ1 h2

0 + 2 λ5 vh h0 ρ2
1 + . . .

p p → QQ Ai q q̄ → LL Ai (78)

p p → Q Q Z → Q Q ν ν q q̄ → L L Z → L L ν ν (79)

21
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An Additional SM Background

• Some numbers:  (with 300 GeV “hadron” no cuts)

• Cross section to radiate off a Z from heavy stable 
quarks and decay invisibly: 0.33 pb x 0.2 = 0.07 pb. 

• Cross section to radiate off a 100 GeV heavy gauge 
boson:  0.28 pb.

• Cross section to radiate off a 275 GeV heavy gauge 
boson:  0.01 pb.

• No problem with this background.
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ATLAS Cuts

• ATLAS requires the “muon tracks” to have a
transverse momentum of                      for a 300 
GeV “hadron.”

• The events are restricted to the “triggerable” part 
of the muon detector              .

• No jet in the inner detector must come within a 
cone of                  of the “muon track.”

• The “muon tracks” must have a velocity between
                          .

4

FIG. 2: Scaled events versus velocity for a 300 GeV N-hadron
with (dashed) and without (solid) emission of the dark gauge
boson. 200 GeV stable lepton is dot-dashed. The histograms
are scaled by 20, 1 and 200, respectively.

the muon detector provides a potential background to
our signal. The major backgrounds include QCD (light
quarks), bb̄, tt̄, W , Z, WW , WZ and ZZ production.
There are a variety of ways to detect heavy stable
particles and thereby reduce the background. [8] We
trigger on “muon tracks” in the muon detector that (1)
are out-of-time with the original event and (2) have
large transverse momentum(pT ).

In Fig. 2(a) we plot the velocity(β) of the stable quarks
and leptons for various masses. It is clear most of the
events have a velocity β < βmuon = 1 and will arrive
at the muon detector out of time with the SM muons.3

An additional complication occurs if the stable parti-
cle arrives too late. Each proton beam at the LHC is
collimated in bunches and is nominally separated by 25
nanoseconds. [12] Very slow stable particles could be mis-
reconstructed with the wrong initial event. This is of par-
ticular concern for the larger ATLAS detector – as up to
three events could be in the detector one time. Further,
without the proper cut, muons from cosmic rays could
provide an additional background. We adopt velocity
cuts [13] suggested by the ATLAS and CMS collabora-
tions. [14–17]

The ATLAS and CMS collaborations studied the sig-
nal to background ratios for 300 GeV gluino R-hadrons
for our chosen velocity cuts [13] and additional pT cuts.
For a pT > 135 GeV, ATLAS [14, 15] found a signal to
background ratio of S/B = 2.6 × 103 for an integrated
luminosity of 1 fb−1. We can expect the ratio for our
N-hadrons to be down by a factor of roughly 9/64. In
addition to the pT cut, CMS collaboration also requires

3 As seen in Fig. 1, the cross section for our example heavy lepton
is about 200 times smaller than the cross section of our heavy
quark. Since the detection analysis is the same, we concentrate
solely on the heavy quark N-hadrons in the forthcoming analysis.

FIG. 3: Events versus E/T for one (a) and two (b) observed
charged N-hadron(s). The dot-dashed (dotted) lines are
events with (without) the emission of the dark gauge boson
for the ATLAS detector. The sold (dashed) lines are events
with (without) the emission of the dark gauge boson for the
CMS detector.

a highly ionizing track in the inner detector to elimi-
nate backgrounds. It is beyond the scope of this work
to properly calibrate and account for ionization effects
in our simulation; however, to provide a reasonable esti-
mate, we retained events with charged N-hadrons in the
inner detector. We conservatively take our overall kine-
matic cuts for ATLAS and CMS as [18]. CMS find these
cuts generated a “background free region.” [16, 17]. With
such a high expected S/B ratio, our analysis is focused on
solely the N-hadron events without including the small
background contamination.

In Fig. 3(a), we plot the E/T for events where only one of
the two N-hadron are detected in the ATLAS and CMS
muon detectors. Also included are the events where a
100 GeV dark gauge boson is emitted according to pro-
cess 5. In Fig. 3(b) we plot the same only now including
the events with both N-hadrons detected. Since there is
no discernable distinction between the events with and
without emitting the heavy, dark gauge boson, it is clear
more needs to be done to clarify our signal. It is comfort-
ing, however, even though we neglected ionization effects,
that our fast detector simulation provides analogous re-
sults to the GEANT3 simulations in [15].
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CMS Cuts

• CMS detector muon detector is partly 
suspended by iron yoke.  

The “hadrons” can charge flip even in the muon 
detector.  

• The collaboration requires a highly ionizing 
track in the inner detector.

• The analysis:  Kept events with charged 
“hadrons” in the inner detector.
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CMS Cuts*

• CMS require an invariant mass of                  .

• CMS requires the “muon tracks” to have a 
velocity of                        . 

• For these cuts, CMS finds “a background free 
region.”

• Since the S/B is so high, we safely neglect the 
background.
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G ⊃ SU(3)c × SU(2)L × U(1)Y ×Gnew

L = (3, 1, 1)2/3 + (1, 2, 1)1 + (1, 1, N)0 = (5, 1) + (1, N)

L(L− 1)/2 = (10, 1) + (5, N) + (1, N(N − 1)/2)

Ω h2 ∼ 1.04×109
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g∗
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Ω h2 ∼ 0.110698

0.100698

m > 100 GeV
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Signal from Acceptance Cuts? 6

FIG. 2: (a) Events vs. missing energy (E/T ) for two 300 GeV
quarks after transversing the simulated ATLAS (dashed) and
CMS (solid) inner detector and calorimeters. (b) The same
plot as (a) but with the kinematic cuts from equations 16-19.
Also shown for ATLAS (dot-dashed) and CMS (dotted) is the
ψ∗ψ + E/T signal in addition to the ψ∗ψ background for the
companion model in section IIA. g′ is set to be electroweak
strength. (c) The normalized cross section versus velocity for
a 300 (solid), 900 (dashed) and 2000 (dot-dashed) GeV long-
lived vector-like quarks in the central detector region.

inates over nuclear interactions only when the hadrons
are at very small velocities. The geometry for the AT-
LAS and CMS detectors in terms of nuclear interaction
lengths is taken from [26]. In Figure 2a, we plot the
missing energy generated from two tagged ψ particles af-
ter interacting with the calorimeters in our ATLAS and

CMS detector simulation. The ψ particles have mass of
300 GeV and transform as a fundamental under color
SU(3). The similarity between the two curves is due
to the similarity of the ATLAS and CMS calorimeters
and inner detectors in nuclear interaction lengths. It is
comforting that the resulting distribution favorably ap-
proximates the ATLAS GEANT3 simulation for stable
gluinos in Figure 9 of [27]. In Figure 2b, we plot the
missing energy for the p p → ψ∗ψ + E/T signal as well as
the p p → ψ∗ψ background for 10 fb−1 of luminosity. We
used the companion model scenario described in the pre-
vious section as well as the parameters listed in Section
IV. We also used the ATLAS and CMS cuts described
in the next paragraph. Here the difference between the
ATLAS and CMS curves is due to the differing kinematic
cuts. It is clear the missing energy generated from the
long-lived particles traveling through the detector has the
potential to obscure the signal. This plot demonstrates
the necessity of writing the fast detector simulation.

Any SM process which can generate muon tracks
and/or hard jets that punch through to the muon de-
tector provides a potential background to our signal. To
begin, it should be noted the (near-)massless particles
have a velocity, β, near speed of light (β = 1); the heav-
ier hadrons travel at much slower velocities and arrive
at the muon detector “out of time” with the rest of the
event. In figure 2c, we plot the velocity for hadrons of
different masses. It is clear most of the events have β < 1.
An additional complication occurs if the long-lived par-
ticle arrives too late. Each proton beam at the LHC is
collimated in bunches and is scheduled to be nominally
separated by 25 nanoseconds [28]. Very slow hadrons
could be mis-reconstructed with the wrong event. Fur-
ther, without the proper cut, cosmic ray muons could
provide an additional background. Because up to three
events could be in the detector at one time, the larger
ATLAS detector requires a higher lower velocity cut. We
adopt velocity cuts [29] suggested by the ATLAS and
CMS collaborations

0.7 < βATLAS < 0.9 and 0.5 < βCMS < 0.8. (16)

To limit the effect of hard jets punching through to the
muon detector and faking the long-lived particles, the
ATLAS collaboration adopted additional stringent pT

cuts [29]

pT ATLAS > 250 GeV and pT CMS > 30 GeV. (17)

For the ATLAS (CMS) cut, at least one (both) of the
“muons” must satisfy the cut. The smaller CMS pT cut
is due to the collaboration requiring both a highly ioniz-
ing track in the inner detector as well as muon detector
information to eliminate SM backgrounds. This ionized
track is subject to the velocity cut in equation 16. Given
the measured velocity and momentum, CMS also requires
the average reconstructed particle’s mass, m, to be

mCMS > 100 GeV. (18)

Atlas (solid) and CMS (dotted) for
the signal production (chalkboard).

Same plot as above but with 
ATLAS and CMS cuts.

• To clarify signal we require an additional cut.
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“Non-parity” Results
8

Background Events

ATLAS 300 GeV ψ 600 GeV ψ 300 GeV ψ

(with cos φ cut) (without cos φ cut)

Z → ν∗ν 71.2 6.1 130

h0 → χ∗χ 0.126 0.01 0.183

ψ′ → ψ∗ ν 4001

CMS

Z → ν∗ν 49 5.4 73.6

h0 → χ∗χ 0.055 0.006 0.066

ψ′ → ψ∗ ν 7287

TABLE I: The simulated background for 10 fb−1 of integrated
luminosity. Here the Z → ν∗ν, h0 → χ∗χ and ψ′

→ ψ ν
labels correspond to the selected background processes: p p →

ψ∗ψ Z → ψ∗ψ ν∗ν, p p → ψ∗ψ h0 → ψ∗ψ χ∗χ and p p →

ψ′∗ψ′
→ ψ∗ψ ν∗ν. The first process is the well known invisible

Z decay. The second (third) process features the invisible
higgs decay width (ψ′ decaying into a SM neutrino and long
lived ψ with a 100% branching fraction) described in the text.
χ is taken to be a 100 GeV Dirac DM. ψ′ has a mass of
350 (700) GeV when ψ is 300 (600) GeV. The h0 → χ∗χ
suppression is due primarily to the heavier 300 GeV SM higgs
forcing the ψ off-shell as well as the 11% invisible branching
fraction. The suppression of the ψ′

→ ψ ν process is primarily
due to the cos φ cut.

is primarily due to the amount the long-lived ψ must go
off-shell to accommodate the decay. Further, since the
SM higgs couples to all of the massive SM particles and
must be heavier than twice the DM mass in order for the
process to avoid additional off-shell suppression, we re-
mind the reader this suppression is a general feature. In
the second scenario, labeled ψ′ → ψ∗ν, parity odd ψ′ par-
ticles are pair produced and subsequently decay into two
SM neutrinos as well as the long lived ψ. For a ψ with a
mass of 300 (600) GeV, ψ′ has a mass of 350 (700) GeV.
Both ψ and ψ′ are colored and the ψ′ → ψ∗ν is taken to
a coupling of κi = 0.5. As seen in Table II, this process
is mainly back-to-back and suppressed by the cosφ cut.
Because of this we now focus solely on the invisible Z
background.

A. A Companion Model

The dark gauge coupling in the companion model is
taken to have the same strength as the electroweak cou-
pling measured at the Z mass g′ = gew(MZ). In Figure
3a, we plot the cosine of the angle between the recon-
structed ψ-hadron momentum in the plane transverse to
the beam direction. This is done for the p p → ψ∗ψ
background as well as the p p → ψ∗ψ χ signal for both
the ATLAS and CMS detectors. We remind the reader
χ (ψ) is the new heavy gauge boson (vector-like quarks)
described in Section IIA. It is clear the missing energy
signal is swamped and most of the events are back-to-

FIG. 3: (a) Events vs. cosφ for ATLAS (solid) and CMS
(dashed) for the ψ∗ψ background along with the ψ∗ψ E/T sig-
nal. The missing energy is from the emission of a 100 GeV
heavy gauge boson as described in Section IIA. The ψ mass
is 300 GeV. (b) The same plot as the first but rendered to
illustrate the signal events. (c) For the model in Section IIA,
signal events vs. E/T with the cos φ < −0.9 cut for ATLAS
(solid) and CMS (dotted). All the plots implement the kine-
matic cuts in Section III.

back in the transverse plane. Please also refer to Figure
2b; there we plotted the reconstructed missing energy
from the ψ-hadrons. The missing energy signature is
also swamped. In Figure 3b, we redisplay the same plot
to emphasize the signal events. The dark matter “kicks”
the reconstructed ψ-hadrons from being exactly back-to-
back. After applying the cosφ cut, equation 21, none

7

where P = βm/
√

1 − β2. Full simulation of ionization
effects are beyond the scope of this work. As a simplifica-
tion, we simply retained all events with charged hadrons
in the simulated CMS tracker. For the simulated events
we tag at least two long-lived particles in the muon detec-
tor.5 We require these particles to be in the triggerable
part of the muon detector

|η| ≤ 2.4. (19)

ATLAS requires no hard jets in the calorimeters to come
within a cone of ∆RATLAS ≤ 0.4 of the “muon” track.
CMS requires the track from the inner detector to be in
a ∆RCMS ≤ 0.1 cone of the “muon” track in the muon
detector. Here ∆R =

√

∆η2 + ∆φ2 where η (φ) is the
pseudorapidity (transverse angle) of the event. For the
ATLAS cuts, the collaboration finds a signal to back-
ground ratio of S/B = 2.6 × 103 for an integrated lumi-
nosity of 1 fb−1. Similarly, for the CMS cuts, that collab-
oration find a “background free region” for 100 pb−1 [29].
With such a high expected S/B ratio from both collabo-
rations, our analysis will not focus on the traditional SM
backgrounds.

Because we are looking for signatures with at least
two long-lived particles plus large E/T , there are irre-
ducible backgrounds to consider. To begin, the Z bo-
son can decay to neutrinos and generate the signal via
p p → ψ∗ψ Z → ψ∗ ψ ν∗ ν. The precise Z invisible width
is well known and can be accounted for. Further verifi-
cation the Z is the cause of the missing energy can come
from counting the number of pp → ψ∗ψ Z → ψ∗ψ l∗ l
or → ψ∗ψ q∗ q events and reconstructing the Z invariant
mass for identification. To be conservative, in addition
to the invisible Z width, we also assume a contribution
from an invisible SM higgs decay; thus, we assume the
operator, κ hχ ∗χ, in our effective theory where κ ≈ 0.5.
χ is taken to be Dirac dark matter to maximize the invis-
ible decay width. See equation 8. Again, conservatively,
we assume an additional irreducible background from ψ′

production and decay: p p → ψ′∗ψ′ → ψ∗ ψ ν∗ ν. Here ψ′

is a heavy, parity odd particle charged under the SM. We
require a statistically significant number of signal events
above these irreducible backgrounds and impose a miss-
ing energy cut of

E/T > 100 GeV. (20)

For the first and third models in the previous section, pair
production for ψ particles typically dominates by orders
of magnitude over the ψ∗ψ + E/T signature. The ψ∗ ψ
production is generally back-to-back. To further define
the signal, we require the angle in the transverse plane
to be

cosφ > −0.9. (21)

5 If an odd number of long-lived, visible particles are detected in
addition to the ψ∗ψ +E/T signature, it is clear a symmetry other
than a parity is responsible.

to effectively eliminate the ψ∗ψ production. We note
next-to-leading (NLO) order QCD jets emanating from
ψ can generate events with cosφ > −0.9; further, jet miss
measurement can lead to false missing energy signatures.
The analysis in the next section is done at leading or-
der; however, ATLAS has estimated for 1 TeV long lived
gluinos

The combination of the missing E/T and cosφ cuts
The analysis in the next section is done at leading or-

der; however, ATLAS has estimated roughly
the number of NLO events as a function of cosφ ex-

pected for 1 TeV long lived gluinos. [29] Roughly, 15%
of the events for p p → g̃∗ g̃ have cosφ > −0.9; however,
the majority

Although the missing energy cut eliminates many of
these events, as a final cut, we require a veto events with
these hard jets.

IV. ANALYSIS AND RESULTS

In this section, we show a statistically significant excess
of missing energy for our signal of two long-lived parti-
cles, ψ, plus large amounts of missing transverse energy,
E/T . To characterize this signal, we focus on the three
models described in Section II. All events are simulated
for the LHC at design 14 TeV center of mass energy.
Our simulations use CTEQ Set 4M parton distribution
functions. αs is calculated at two loops with the renor-
malization and factorization scales set by

√
ŝ/2. After

implementing the cuts described in the previous section,
we assume 100% tagging efficiency for the visible heavy,
long-lived particles. The masses of the stable particles
are taken as

mψ = 300, 600 GeV. (22)

The mass of the DM candidates is set to be

mχ = 100 GeV. (23)

In the first section, we argued models with parity sta-
bilized dark matter generated suppressed ψ∗ψ + E/T sig-
natures. To quantify this statement we consider a par-
ity conserving effective theory. As discussed before, we
choose the effective theory to have the SM, SM higgs and
parity odd ψ and Dirac DM, χ, as the relevant low en-
ergy degrees of freedom below the cutoff Λ. The first
scenario, labeled h0 → χ∗χ, a SM higgs is emitted from
one of the pair produced ψ particles. We require the SM
higgs to have a significant invisible branching fraction
into the DM. Conservatively, we take the coupling from
equation 2 to be λ2f = 2 with Λ = 1 TeV. As discussed
below equation 8, a 300 GeV SM higgs decaying into
Dirac DM has a relatively enhanced invisible width. For
these parameters, the generated background events are
listed in Table I. As shown, the process involving the in-
visible higgs decay width is generally down by a factor of
100 from the process involving a Z invisible width. This

Transverse angle for ATLAS (solid) 
and CMS(dotted).  Most events are
back-to-back.  All plots use feature

100 GeV DM and 300 GeV meta-stable
particles.  All kinematic cuts are used.

Same plot as above but emphasizing 
the non back-to-back events.

Applying the cut

 
None of the  back-to-back events

survived.  About 70 events of signal
for 10 inverse fb.
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More Results
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Companion Model

ATLAS CMS

S/
√

B S/B S/
√

B S/B

300 GeV ψ 34.3 4.1 29.4 3.92

600 GeV ψ 10.1 4.1 9.5 4.1

Agashe-Servant

ATLAS CMS

S/
√

B S/B S/
√

B S/B

300 GeV ψ 34.3 4.1 29.4 3.92

Light Hidden Sectors

ATLAS CMS

S/
√

B S/B S/
√

B S/B

300 GeV ψ 5.33 0.63 8.76 1.04

600 GeV ψ 0.75 0.30 1.08 0.47

TABLE II: The signal significance and signal-to-background
ratio for the described models in Section II for 10 fb−1 of
integrated luminosity. Included is the dominant invisible Z
background.

of the p p → ψ∗ψ events remained. We plot the resid-
ual signal missing energy events in Figure 3c for ATLAS
(solid) and CMS (dotted). The generated signal events
for 300 GeV long-lived ψ and 100 GeV DM for 10 fb−1

of integrated luminosity is

SATLAS = 290 SCMS = 192. (24)

For a 600 GeV long-lived ψ with the same luminosity,
the generated signal cross section is

SATLAS = 25 SCMS = 22. (25)

In Table II, we summarize the signal significance as well
as the signal-to-background ratio for all three example
models. For the companion model, it is clear the signal
can be observed for the chosen parameters.

B. Agashe and Servant

In this analysis, we take the Pati-Salam coupling to be
g5 = 0.7 with mQR

= 600 GeV. The long-lived particle,
ψ, is the heavy Pati-Salam gauge boson with a 300 GeV
mass; recall, this X boson is a color triplet and picks up
valence quarks to form the long-lived ψ-hadron. Because
QR decays immediately, in this scenario there is no p p →
Q∗

R QR background with which to compete; also note,
the Pati-Salam gauge boson-gluon coupling is through
a suppressed dimension six operator. Thus, there is no

FIG. 4: Signal events vs. E/T for ATLAS (solid) and CMS
(dotted) in the AS scenario described in Section IIB (a) and
the light hidden dark scenario described in Section IIC. (b)
In both plots, the cosφ < −0.9 cut is taken in addition to all
of the kinematic cuts in Section III.

competition from p p → ψ∗ψ as well. We still use the
cosφ cut to reduce the Z → ν∗ν background. Applying
all of the cuts listed in the previous section, we find signal
events for 10 fb−1 of integrated luminosity of

SATLAS = 12 SCMS = 38. (26)

In Figure 4a, we plot the missing energy for the signal
for both ATLAS (solid) and CMS (dotted). In Table II,
the signal significance and signal to background ratio is
calculated.

C. Light Hidden Dark Sectors

For this model, we repeat the same analysis as in the
first subsection but with a 1 GeV long-lived gauge boson.
Again, we have assumed the hidden gauge coupling to
be electroweak. Because the dark gauge boson is much
lighter, it does not force the ψ particle go off-shell as
much as in the companion model. This increases the
overall cross-section. The larger cross section is down by
a factor of α = g′2/4π and is not competitive with the
p p → ψ∗ψ background. Although a 1 GeV light gauge
boson does not generally “kick” the long-lived particles
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FIG. 4: Signal events vs. E/T for ATLAS (solid) and CMS
(dotted) in the AS scenario described in Section IIB (a) and
the light hidden dark scenario described in Section IIC. (b)
In both plots, the cosφ < −0.9 cut is taken in addition to all
of the kinematic cuts in Section III.

competition from p p → ψ∗ψ as well. We still use the
cosφ cut to reduce the Z → ν∗ν background. Applying
all of the cuts listed in the previous section, we find signal
events for 10 fb−1 of integrated luminosity of

SATLAS = 12 SCMS = 38. (26)

In Figure 4a, we plot the missing energy for the signal
for both ATLAS (solid) and CMS (dotted). In Table II,
the signal significance and signal to background ratio is
calculated.

C. Light Hidden Dark Sectors

For this model, we repeat the same analysis as in the
first subsection but with a 1 GeV long-lived gauge boson.
Again, we have assumed the hidden gauge coupling to
be electroweak. Because the dark gauge boson is much
lighter, it does not force the ψ particle go off-shell as
much as in the companion model. This increases the
overall cross-section. The larger cross section is down by
a factor of α = g′2/4π and is not competitive with the
p p → ψ∗ψ background. Although a 1 GeV light gauge
boson does not generally “kick” the long-lived particles

Same plots with all cuts for the
Agashe-Servant scenario (a)  
and light hidden sector (b).
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Conclusion/Future Goals

If the LHC is relevant for dark matter hard questions 
like “what is the stabilization symmetry of dark matter”  

may be possible.
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Conclusion/Future Goals

If the LHC is relevant for dark matter hard questions 
like “what is the stabilization symmetry of dark matter”  

may be possible.

Look to distinguish strongly coupled hidden sectors 
from perturbative ones... 

Implement ideas on reconstructing multi-hard 
jet events with timing. 
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A Simulation

• Need to reliably estimate... 

• How many “hadrons” charge flip to neutral?
(Neutral “hadrons” generate obscuring missing 
energy.)

• How much missing energy comes with and 
without emission of massive dark gauge 
bosons?

• What are the cross sections?
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A Simulation
• More things to reliably estimate... 

• How many of the stable particles stop in the 
detector generating more obscuring missing 
energy?

Energy fraction of the exchanged SM quark 
partons is             of the “hadron” total.*  
Most interactions are low-energy QCD.  Very 
few “hadrons” are stopped; but need to 
account for the relatively small signal.

• GEANT4 without introduction is very difficult to 
use.  No access to collaboration software.

3

FIG. 1: The dark gauge coupling versus gauge boson mass
for a thermal relic abundance of ΩDMh2 = 0.1131± 0.0034.[1]
M ranges from (a) 400 ≤ M < 600, (b) 600 ≤ M < 800
and (c) 800 ≤ M < 1000 GeV. A higgs mass of 1 TeV is
also assumed. The assume the dark gauge boson mass would
be greater the mass of the Z boson by at least 5 GeV. c =1
Since you are considering M ¿ 400 GeV, I dont see the
point of the comment about the mass being greater
than the Z mass by 5 GeV. Also, I dont see why the
higgs mass is relevant. Also, what messenger amsses
are you using? and why do the curves have the odd
feature that heavier masses ar emore weakly coupled
when i would expect the opposite? In any case, this
is not the most interesting quantity to plot. .

An LHC Signature:

We consider signatures of heavy, (quasi-)stable vector-
like quarks and leptons by quasi stable I assume you
mean they decay outside the dectector? what is

their lifetime? with large missing energy(E/T ). We are
especially interested in E/T generated from the heavy,
dark gauge bosons via

p p → vQ vQ g, q q̄ → vL vL g. (5)

Parity stabilized models can only generate this signature
by radiating an offshell Z or photon in place of the dark
gauge boson. notation: is g a dark gauge boson?
The Z∗/γ∗ must subsequently decay to two parity odd
dark matter candidates. This diagram is suppressed rel-
atively to process 5 by a factor of α2

ew, the reduced avail-
able phase space, and by how far the Z∗ or γ∗ must go
offshell to decay to the dark matter candidates. We con-
sider this signature to be unique.

After production, the heavy quarks hadronize dom-
inantly into color singlet “N-mesons” and are quickly
converted to “N-baryons” inside the calorimeters. [8] In
lead, nuclear interactions dominate the interactions of the
“N-hadrons.” The nuclear scattering process exchanges
SM quark partons causing these N-hadrons to poten-
tially charge flip from charged to neutral (and vice-versa),
lose energy and/or even stop inside the calorimeter. The
heavy quark parton inside the N-hadron carries a dom-
inant fraction of the total energy of the system with
the interacting SM quark partons carrying approximately
O(0.001) fraction of the rest. Thus, the nuclear inter-
actions of N-hadrons are dominantly low-energy QCD
with the changes in momentum small relative to the to-
tal momentum of the system. Large energy loses can
occur when the initial N-hadron momentum is small as
well as when N-hadron accumulates many interactions
within the calorimeter. [8] Note, the heavy leptons have
only electromagnetic interactions and do not charge flip.
In all, after leaving the calorimeters, the stable parti-
cles look like one, two or no relatively slow, heavy muon
tracks in the muon detector.

We are interested in large missing energy signatures
generated by the heavy dark gauge bosons. Since the
heavy quarks are dominantly produced and can charge
flip to neutral inside the detector, it is important to
quantify the amount of missing energy in each event.
To address this, we wrote a fast detector simulation
to parametrize charge flipping and energy loss effects
accounted for in GEANT3 and 4. [9] The detector
response is extrapolated from the results presented
in [10]. The geometry of ATLAS and CMS detectors in
terms of nuclear interaction lengths is taken from [11].
In the simulation, we omit ionization effects which are
negligible in lead. [8] Further, we assume perfect lead
calorimeters: The N-hadron interactions (signals of the
N-hadron interactions) with the calorimeter are perfectly
opaque (translucent).

Collider Analysis:

Any SM process that can generate muon tracks in

*See review, Fairbairn, et al. hep-ph/0611040 
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A Simulation

• Wrote a fast simulation of a perfect lead 
calorimeter that parameterizes the GEANT3 and 
4 response to the interactions of “hadrons” with 
the calorimeters.*  Nuclear interactions only. 

• Example response for 300 GeV R-hadron:

*Kraan, hep-ph/0404001
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Figure 7: Profile plots representing the mean value of the average energy loss per collision of an
R–baryon for three different values of the R–hadron mass: 100 (three upper Figures), 300 (three
middle figures) and 600 GeV/c2 (three lower figures). The lines represent the mean value and
its error. The lower and upper profiles in each plot correspond to the energy loss in a 2 → 2
scattering and a 2 → 3 scattering, respectively, while the middle profiles represent the average loss
per collision.

5.5 Total energy losses

The total energy loss in 1 m iron, i.e. the sum of nuclear energy losses and ionization losses, is
determined for different mass values of the R–hadron, and results are displayed in Fig. 9. The
ionization losses for a singly charged R–hadron traversing 1 m iron without suffering any nuclear
interactions are shown as well. Nuclear losses are seen to be completely dominating at high energies.

15

Thursday, October 7, 2010



Detector Geometry

• ATLAS geometry in nuclear interaction lengths*
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Figure 5.2: Cumulative amount of material, in units of interaction length, as a function of |η |, in

front of the electromagnetic calorimeters, in the electromagnetic calorimeters themselves, in each

hadronic layer, and the total amount at the end of the active calorimetry. Also shown for complete-

ness is the total amount of material in front of the first active layer of the muon spectrometer (up

to |η | < 3.0).

5.2 Electromagnetic calorimetry

5.2.1 Accordion geometry

An accordion geometry has been chosen for the absorbers and the electrodes of the barrel and end-

cap electromagnetic calorimeters (see figures 5.3 and. 5.4). Such a geometry provides naturally a

full coverage in φ without any cracks, and a fast extraction of the signal at the rear or at the front

of the electrodes. In the barrel, the accordion waves are axial and run in φ , and the folding angles

of the waves vary with radius to keep the liquid-argon gap constant (see figures 5.4 and 5.5). In the

end-caps, the waves are parallel to the radial direction and run axially. Since the liquid-argon gap

increases with radius in the end-caps, the wave amplitude and the folding angle of the absorbers

and electrodes vary with radius (see figure 5.6). All these features of the accordion geometry lead

to a very uniform performance in terms of linearity and resolution as a function of φ . As can be

seen from figure 5.3, the first layer is finely segmented along η , as for example in the barrel where

there are eight strips in front of a middle cell. One can note however the coarser granularity of the

first layer in the edge zones of the barrel and end-caps, as explicitly given in table 1.3. The second

layer collects the largest fraction of the energy of the electromagnetic shower, and the third layer

collects only the tail of the electromagnetic shower and is therefore less segmented in η .

– 112 –

*See G. Aad, et al. JINST 3, S08003 (2008) 
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CMS Detector Geometry

• CMS geometry in nuclear interaction lengths**

10 Chapter 1. Introduction
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Figure 1.3: Material thickness in radiation lengths after the ECAL, HCAL, and at the depth of
each muon station as a function of pseudorapidity. The thickness of the forward calorimeter
(HF) remains approximately constant over the range 3 < |η| < 5 (not shown).
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*See CMS TDR, Volume 1 

Point out iron yokes in 
the muon chamber.
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Model Types

• Type I1:  DM symmetry associated with
             spontaneous symmetry breaking.
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Model Types

• Type I1:  DM symmetry associated with
             spontaneous symmetry breaking.

• Focus:  Model that generates the DM stabilization 
symmetry by SSB thereby correlating the DM relic 
abundance to the weak scale.*

    *D.W., arXiv:0907. 3146.
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Model Types

  **Arkani-Hamed, Finkbeiner, Slatyer and Weiner, PRD 79, 015014 (2009),
     Arkani-Hamed and Weiner, JHEP 0812, 104 (2008),
     Pospelov, Ritz and Voloshin, PLB 662, 53 (2008).

• Type I1:  DM symmetry associated with
             spontaneous symmetry breaking.

• Also discuss how modifications to models which 
have non-trivial dark sectors can generate a signal.**

• Focus:  Model that generates the DM stabilization 
symmetry by SSB thereby correlating the DM relic 
abundance to the weak scale.*

    *D.W., arXiv:0907. 3146.
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Test
• Effect for large mass differences and small 

DM masses:

• We find a unique decay chain topology with two SM particles separated by a DM particle

(along with another DM at the end of the decay chain) which is generally present for Z3

models but absent for the Z2 case. Based on pure kinematics/phase space, this topology

leads to a “cusp” (i.e., derivative discontinuity) in the invariant mass distribution of the SM

particles.

Of course for a generic model, it is possible to have a “hybrid” scenario where elements from the

on-shell and off-shell scenarios are present.

An outline of the paper is as follows: In the next section, we begin with the case of off-shell

intermediate particles in a decay chain. There we show how differing kinematic edges can be used

to distinguish Z2 from Z3 models. In section 3 we move on to the case of intermediate particles

being on-shell. There we show the existence of a “cusp” in Z3 models for certain topologies; further

we show that this cuspy feature survives even when taking spin correlations into consideration. We

then discuss a couple of explicit models – one based on warped extra dimensional framework and

another using DM stabilization symmetry from spontaneous breaking. Here DM is not stabilized

by Z2 symmetries. In the second model, we show our signal is invariant under basic detector and

background cuts. We next conclude and briefly enumerate how Z2 models can fake signals from

Z3 models. We also mention future work to better reconstruct and distinguish Z3 from Z2 models,

e.g., using the two such decay chains present in each full event.

2 Off-shell intermediate particles

In this paper, we mostly study the decay of a single heavy particles, which is charged under the dark

matter stabilization and SM symmetries, into SM and dark matter candidate(s) inside the detector.

Henceforth, we denote such heavy particles by “mother” particles. In this section we assume that

all intermediate particles (if any) in this decay chain are off -shell. This off-shell scenario has been

frequently studied by the ATLAS and CMS collaborations [13, 14] for SUSY theories (which is an

example of a Z2 model).

We consider constructing the invariant mass distribution of the (visible) decay products. Unlike

for the Z2 case, for Z3 models a mother particle A can decay into one or two DM particles along

with the same SM particles. We mostly assume, just for simplicity, that there exist two visible

particles (a and b) in the final state as shown below (note however that the same argument is

relevant to the general cases where more than two visible particles are emitted):

A

a

b

DM

A

a

b

DM

DM

(3)

4
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Combined decays: Off#shell

Figure 2: Same as the right panel of Figure 1 but using a smaller DM mass, mDM = 50 GeV. The
edge in the middle of the distribution is no longer apparent.

might be important and we will return to this issue in the context of specific models to show that

multiple edges can still “survive” after taking these effects into consideration.) Due to the phase

space structure of the processes one realizes that the distribution in the case of 3-body decays is

more “bent” towards the right (i.e., larger values of invariant mass) whereas for the 4-body decays

the peak of the distribution leans more towards the left (i.e., smaller values of invariant mass).

Because of this feature, the combination of the two distributions can give rise to two visible edges

(as long as the relative branchings of the two decays are of comparable size). This is shown in

the right panel of Figure 1 in which we show the combined invariant mass distribution of the two

visible SM particles, for three different relative branching fractions of the two subprocesses. Based

on the location of the edges in right panel of Figure 1 and Eqs. (7) and (8), the mass of DM particle

must be about 300 GeV and the mass of the mother particle must be about 800 GeV, which are of

course the masses used in the example.

Whether or not the double-edge signal is clear (and hence we can determine the DM and mother

masses) also depends on the DM mass which must be relatively sizable compared to the mass of

the mother particle. For example, if we take a DM mass of 50 GeV instead of 300 GeV that we

assumed above, with the mother mass fixed at 800 GeV, we observe from Figure 2 that the plotted

distribution does not provide a good measurement of Mmother and mDM.

Let us return to the issue of the relative branching fraction for each subprocess. The decay

into two DM particles should be generically phase-space suppressed relative to the decay into just

one DM particle, So, based on pure phase-space suppression, the branching ratio of the decay into

two DM might be much smaller than the decay into one DM (unlike what is chosen in the figures

above). Hence, it might be difficult to observe a double-edge signal. However, in specific models

7
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DM masses:
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might be important and we will return to this issue in the context of specific models to show that

multiple edges can still “survive” after taking these effects into consideration.) Due to the phase

space structure of the processes one realizes that the distribution in the case of 3-body decays is

more “bent” towards the right (i.e., larger values of invariant mass) whereas for the 4-body decays

the peak of the distribution leans more towards the left (i.e., smaller values of invariant mass).

Because of this feature, the combination of the two distributions can give rise to two visible edges

(as long as the relative branchings of the two decays are of comparable size). This is shown in

the right panel of Figure 1 in which we show the combined invariant mass distribution of the two

visible SM particles, for three different relative branching fractions of the two subprocesses. Based

on the location of the edges in right panel of Figure 1 and Eqs. (7) and (8), the mass of DM particle

must be about 300 GeV and the mass of the mother particle must be about 800 GeV, which are of

course the masses used in the example.

Whether or not the double-edge signal is clear (and hence we can determine the DM and mother

masses) also depends on the DM mass which must be relatively sizable compared to the mass of

the mother particle. For example, if we take a DM mass of 50 GeV instead of 300 GeV that we

assumed above, with the mother mass fixed at 800 GeV, we observe from Figure 2 that the plotted

distribution does not provide a good measurement of Mmother and mDM.

Let us return to the issue of the relative branching fraction for each subprocess. The decay

into two DM particles should be generically phase-space suppressed relative to the decay into just

one DM particle, So, based on pure phase-space suppression, the branching ratio of the decay into

two DM might be much smaller than the decay into one DM (unlike what is chosen in the figures

above). Hence, it might be difficult to observe a double-edge signal. However, in specific models

7

• 800 GeV mother and 50 GeV DM with 
no spin correlations. 
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might be important and we will return to this issue in the context of specific models to show that

multiple edges can still “survive” after taking these effects into consideration.) Due to the phase

space structure of the processes one realizes that the distribution in the case of 3-body decays is

more “bent” towards the right (i.e., larger values of invariant mass) whereas for the 4-body decays

the peak of the distribution leans more towards the left (i.e., smaller values of invariant mass).

Because of this feature, the combination of the two distributions can give rise to two visible edges

(as long as the relative branchings of the two decays are of comparable size). This is shown in

the right panel of Figure 1 in which we show the combined invariant mass distribution of the two

visible SM particles, for three different relative branching fractions of the two subprocesses. Based

on the location of the edges in right panel of Figure 1 and Eqs. (7) and (8), the mass of DM particle

must be about 300 GeV and the mass of the mother particle must be about 800 GeV, which are of

course the masses used in the example.

Whether or not the double-edge signal is clear (and hence we can determine the DM and mother

masses) also depends on the DM mass which must be relatively sizable compared to the mass of

the mother particle. For example, if we take a DM mass of 50 GeV instead of 300 GeV that we

assumed above, with the mother mass fixed at 800 GeV, we observe from Figure 2 that the plotted

distribution does not provide a good measurement of Mmother and mDM.

Let us return to the issue of the relative branching fraction for each subprocess. The decay

into two DM particles should be generically phase-space suppressed relative to the decay into just

one DM particle, So, based on pure phase-space suppression, the branching ratio of the decay into

two DM might be much smaller than the decay into one DM (unlike what is chosen in the figures

above). Hence, it might be difficult to observe a double-edge signal. However, in specific models

7

• 800 GeV mother and 50 GeV DM with 
no spin correlations. 

Small separation 
between edges
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Model Types

*Agashe and Servant, PRL 93, 231805 (2004); JCAP 0502, 002 (2005).
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• Type I:   Warped Pati-Salam Unification models   
            where the DM symmetry is a     .* 
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Model Types

*Agashe and Servant, PRL 93, 231805 (2004); JCAP 0502, 002 (2005).
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• Type I:   Warped Pati-Salam Unification models   
            where the DM symmetry is a     .* 

•     symmetry is generated from color and fractional 
baryon number of each particle. 
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4

a Z2 stabilization symmetry. These comparison effec-
tive theories have the particle content of the SM, the SM
higgs, ψ, ψ′ and Dirac fermion DM. For the first sce-
nario, the missing energy is generated from the process
h0 → χ∗χ for a SM higgs mass of 350 GeV. The second
has the missing energy generated by SM neutrinos, ν,
produced from the decay ψ′ → ν ψ. The DM is consid-
ered to be Dirac DM in order to maximally enhance the
invisible branching fraction.

II. EXAMPLE MODELS

In this section, we briefly outline the relevant aspects of
three models in the literature that can generate our sig-
nature. The first model stabilizes the dark matter with a
linearly realized discrete symmetry generated from spon-
taneous symmetry breaking. The second stabilizes with
a Z3 symmetry generated from baryon number. The fi-
nal model has DM stabilized by a parity symmetry. A
light, dark gauge boson which couples to the DM helps
to mediate DM annihilation.

A. A Companion Model

In a companion paper, we present a class of models in
which spontaneous symmetry breaking is used as a mech-
anism to naturally correlate the weak scale and the mass
scale associated with the dark matter annihilation cross
section. See [19] for details. The featured model has a
SU(2)D that commutes with the SM; the symmetry is
“broken” along with electroweak symmetry through an
extended higgs sector to generate a linearly realized Z2

symmetry. The result is new dark gauge bosons with a
mass of order the weak scale. These models can accom-
modate additional messenger vector-like heavy fermions,
Q, whose mass is, for our purposes, a relatively free pa-
rameter [12]. Q is charged under the SM as well as the
SU(2)D. For our signature, we consider these vector-like
fermions, Q, as long long lived. We are interested in the
effective operators

O7 = g′Q∗σAQ (10)

where A is the new gauge bosons that does not couple di-
rectly to the SM. As shown in [19], the new gauge bosons
decay into two DM candidates, χ, with a 100% branching
fraction via the operator

O8 = g′χ∗σAχ (11)

Thus, the signal for this model at lowest order is p p →
Q Q∗ A → Q Q∗ E/T . There is a seemingly irreducible
background of p p → Q Q∗. We will show how to dis-
tinguish this background in the following sections. Fur-
ther, we also show a large excess of missing energy in this
channel in comparison to the Z2 scenario described in the
previous section. In the coming analysis, we refer to Q

and A as ψ and χ, respectively, in order to be consistent
with the notation in previous sections.

B. Agashe and Servant

Agashe and Servant (AS) proposed a class of grand
unification models within the framework of warped extra
dimensional space-time. Please see [18] for more details.
In these models, the SM along with new exotic matter
fills out the SO(10) spinor representations. Each spinor
multiplet is charged under baryon number. Notably, all
of the non-SM particles transform under a Z3 symmetry
generated from the particles’ color and fractional baryon
number

η → exp

[

2πi

(

B −
nc − n̄c

3

)]

η. (12)

Here η is a generic of any particle in the theory and B,
nc (n̄c) are the particle’s baryon number and number of
colors (anti-colors). A natural DM candidate, νR, with
the SM charges of a right-handed neutrino, is in same the
spinor multiplet as the SM right-handed quarks, qR, with
B = −1/3. Also of interest to us is an exotic, SU(2)L

doublet fermion, QR, which transforms as the fundamen-
tal under color SU(3). QR is charged under the Z3 and
is in the same spinor multiplet as νR; thus, it can be
relatively light compared to the other new exotic states.
Because the SO(10) × U(1)B gauge group is broken to
the SM, there are additional gauge bosons beyond the
SM that are charged under the SM and Z3 symmetries.
The X boson has the same SM quantum numbers as
QR but with a different baryon number of B = 0. We
note because the SO(10) was broken with varying bound-
ary conditions than the SM, proton decay constraints are
eliminated. We focus on the coupling

O9 = g5 Q∗
R σ νR X (13)

where g5 is the Pati-Salam gauge coupling. There is an
additional Pati-Salam gauge boson, Xs, which is impor-
tant when considering the decay of QR to the SM and
νR. This QR decay can only occur through equation 13
where the X boson mixes with the Xs boson. The Xs

boson subsequently decays to νR and qR via

O10 = g5 q∗R σ νR Xs (14)

The mixing between the X and Xs bosons occurs through
a vaccum expectation value (vev) that can be effectively
dialed. We assume a value that generates long-lived par-
ticles consistent with [12]. Consider the AS model where
the SO(10) × U(1)B gauge group is broken on the in-
frared brane. In that scenario, the X bosons can be rel-
atively light.2 In the case where the SO(10) × U(1)B is

2 We thank K. Agashe for alerting us to this point.
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FIG. 1: Left: Reconstructed WW invariant mass before ET cut optimization. Data overlaying background stack-up. Right:
Data and breakdown of the background composition
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FIG. 2: Left: Reconstructed WZ invariant mass before ET cut optimization. Data overlaying background stack-up. Right:
Data and breakdown of the background composition

V. SIGNAL DETECTION EFFICIENCY

Signal detection efficiency is evaluated using Monte Carlo data simulated with the Pythia event generator and
CDFSIM, the CDF detector simulation. For a set of selected mass values, 3 types of particles are generated: R/S
graviton, G*, with k/mp=0.1 [6], and the sequential Z’ and W’ with default Pythia settings corresponding to the
“extended gauge model” of [7] using a mixing or supression factor equal to M2

W /M2
V , where MV is Z’ or W’ mass.

The reconstructed signal is a Gaussian shape, and the mass resolution is linearly proportional to the generated
mass values, varying from 15 GeV at 200 GeV mass to 55 GeV at 700 GeV mass. In order to calculate the efficiency
we choose a mass window ±1.5σ of the reconstructed signal and rounded to 5 GeV for histogram binning. This choice
is somewhat ad hoc but gives a good signal to background ratio. The same acceptance windows are used to obtain
the number of background events.
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FIG. 1: Left: Reconstructed WW invariant mass before ET cut optimization. Data overlaying background stack-up. Right:
Data and breakdown of the background composition
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FIG. 2: Left: Reconstructed WZ invariant mass before ET cut optimization. Data overlaying background stack-up. Right:
Data and breakdown of the background composition

V. SIGNAL DETECTION EFFICIENCY

Signal detection efficiency is evaluated using Monte Carlo data simulated with the Pythia event generator and
CDFSIM, the CDF detector simulation. For a set of selected mass values, 3 types of particles are generated: R/S
graviton, G*, with k/mp=0.1 [6], and the sequential Z’ and W’ with default Pythia settings corresponding to the
“extended gauge model” of [7] using a mixing or supression factor equal to M2

W /M2
V , where MV is Z’ or W’ mass.

The reconstructed signal is a Gaussian shape, and the mass resolution is linearly proportional to the generated
mass values, varying from 15 GeV at 200 GeV mass to 55 GeV at 700 GeV mass. In order to calculate the efficiency
we choose a mass window ±1.5σ of the reconstructed signal and rounded to 5 GeV for histogram binning. This choice
is somewhat ad hoc but gives a good signal to background ratio. The same acceptance windows are used to obtain
the number of background events.
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Are the Diagrams Suppressed?

• Still not strong.
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• TeVatron direct searches for parity even   
 resonances exclude to about ~ 600 GeV. 
 Examples:
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FIG. 1: Left: Reconstructed WW invariant mass before ET cut optimization. Data overlaying background stack-up. Right:
Data and breakdown of the background composition
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FIG. 2: Left: Reconstructed WZ invariant mass before ET cut optimization. Data overlaying background stack-up. Right:
Data and breakdown of the background composition

V. SIGNAL DETECTION EFFICIENCY

Signal detection efficiency is evaluated using Monte Carlo data simulated with the Pythia event generator and
CDFSIM, the CDF detector simulation. For a set of selected mass values, 3 types of particles are generated: R/S
graviton, G*, with k/mp=0.1 [6], and the sequential Z’ and W’ with default Pythia settings corresponding to the
“extended gauge model” of [7] using a mixing or supression factor equal to M2

W /M2
V , where MV is Z’ or W’ mass.

The reconstructed signal is a Gaussian shape, and the mass resolution is linearly proportional to the generated
mass values, varying from 15 GeV at 200 GeV mass to 55 GeV at 700 GeV mass. In order to calculate the efficiency
we choose a mass window ±1.5σ of the reconstructed signal and rounded to 5 GeV for histogram binning. This choice
is somewhat ad hoc but gives a good signal to background ratio. The same acceptance windows are used to obtain
the number of background events.
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FIG. 1: Left: Reconstructed WW invariant mass before ET cut optimization. Data overlaying background stack-up. Right:
Data and breakdown of the background composition
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FIG. 2: Left: Reconstructed WZ invariant mass before ET cut optimization. Data overlaying background stack-up. Right:
Data and breakdown of the background composition

V. SIGNAL DETECTION EFFICIENCY

Signal detection efficiency is evaluated using Monte Carlo data simulated with the Pythia event generator and
CDFSIM, the CDF detector simulation. For a set of selected mass values, 3 types of particles are generated: R/S
graviton, G*, with k/mp=0.1 [6], and the sequential Z’ and W’ with default Pythia settings corresponding to the
“extended gauge model” of [7] using a mixing or supression factor equal to M2

W /M2
V , where MV is Z’ or W’ mass.

The reconstructed signal is a Gaussian shape, and the mass resolution is linearly proportional to the generated
mass values, varying from 15 GeV at 200 GeV mass to 55 GeV at 700 GeV mass. In order to calculate the efficiency
we choose a mass window ±1.5σ of the reconstructed signal and rounded to 5 GeV for histogram binning. This choice
is somewhat ad hoc but gives a good signal to background ratio. The same acceptance windows are used to obtain
the number of background events.
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Figure 1.1: Cut-away view of the ATLAS detector. The dimensions of the detector are 25 m in

height and 44 m in length. The overall weight of the detector is approximately 7000 tonnes.

The ATLAS detector is nominally forward-backward symmetric with respect to the interac-

tion point. The magnet configuration comprises a thin superconducting solenoid surrounding the

inner-detector cavity, and three large superconducting toroids (one barrel and two end-caps) ar-

ranged with an eight-fold azimuthal symmetry around the calorimeters. This fundamental choice

has driven the design of the rest of the detector.

The inner detector is immersed in a 2 T solenoidal field. Pattern recognition, momentum

and vertex measurements, and electron identification are achieved with a combination of discrete,

high-resolution semiconductor pixel and strip detectors in the inner part of the tracking volume,

and straw-tube tracking detectors with the capability to generate and detect transition radiation in

its outer part.

High granularity liquid-argon (LAr) electromagnetic sampling calorimeters, with excellent

performance in terms of energy and position resolution, cover the pseudorapidity range |η | < 3.2.

The hadronic calorimetry in the range |η | < 1.7 is provided by a scintillator-tile calorimeter, which

is separated into a large barrel and two smaller extended barrel cylinders, one on either side of

the central barrel. In the end-caps (|η | > 1.5), LAr technology is also used for the hadronic

calorimeters, matching the outer |η | limits of end-cap electromagnetic calorimeters. The LAr

forward calorimeters provide both electromagnetic and hadronic energy measurements, and extend

the pseudorapidity coverage to |η | = 4.9.

The calorimeter is surrounded by the muon spectrometer. The air-core toroid system, with a

long barrel and two inserted end-cap magnets, generates strong bending power in a large volume

within a light and open structure. Multiple-scattering effects are thereby minimised, and excellent

muon momentum resolution is achieved with three layers of high precision tracking chambers.
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Arguments Void?

• LHC discovers scalars that have a large enough 
branching fraction into the signal such that a SM 
decay is very rare and some symmetry is not 
responsible.
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Arguments Void?

• LHC discovers scalars that have a large enough 
branching fraction into the signal such that a SM 
decay is very rare and some symmetry is not 
responsible.

• Anthropic arguments?  Fine-tune couplings 
of scalar w/SM to generate 100% fraction to 
signal.

Tantamount to adding a new symmetry to 
the DM.  “Non-parity!”
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Assumptions

• Effective Field Theory:  Start with the SM, DM 
(   ) and meta-stable particle (   ) below a cutoff.  
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Many popular models of new physics beyond the Standard Model use a parity to stabilize weakly
interacting, dark matter candidates. We examine the potential for the CERN Large Hadron Col-
lider to distinguish models with parity stabilized dark matter from models in which the dark matter
is stabilized by other symmetries. In this letter, we focus on signatures involving long-lived par-
ticles and large amounts of missing transverse energy. To illustrate these signatures, we consider
three models from the literature which are representative of a more general class of models with
non-traditional stabilization symmetries. The most optimistic scenario can observe the proposed
signature with a minimum of 10 fb−1 of integrated luminosity at design center of mass energy. It
will probably take considerably longer to validate the stabilizing symmetry is not a simple parity.
In all, we emphasize that the underlying symmetry that stabilizes weakly interacting dark matter
has tremendous implications for the LHC and our understanding of the nature of dark matter.

There is an overwhelming amount of evidence for the
existence of dark matter (DM). Numerous astrophysical,
cosmological and direct detection experiments [1] provide
a consensus picture: viable dark matter candidates must
be stable, neutral under the Standard Model (SM), non-
relativistic at redshifts of z ∼ 3000 and generate the mea-
sured relic abundance of h2 ΩDM = 0.1131 ± 0.0034 [2].
These requirements are general and upon implementation
provide a plethora of models with viable DM candidates.
The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We

∗Email Address: dgwalker@berkeley.edu.
1 In addition to long-lived particles, one can also study decay

chains of particles charged under “non-parity” stabilization sym-
metries. The result is specific kinematical distributions that are
distinct from traditional parity stabilized models. We explore
this research direction in the collaboration of [10]. In a separate
collaboration [11], we focus on showing how the LHC can distin-
guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
sectors can be the source of the dark matter candidates.

next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.

I. SIGNAL SUPPRESSION FOR PARITY
STABILIZED MODELS

In this section we provide inductive reasoning to sup-
port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-
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ment, we devote the next section to show how this signal
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cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.

I. SIGNAL SUPPRESSION FOR PARITY
STABILIZED MODELS

In this section we provide inductive reasoning to sup-
port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-
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interacting, dark matter candidates. We examine the potential for the CERN Large Hadron Col-
lider to distinguish models with parity stabilized dark matter from models in which the dark matter
is stabilized by other symmetries. In this letter, we focus on signatures involving long-lived par-
ticles and large amounts of missing transverse energy. To illustrate these signatures, we consider
three models from the literature which are representative of a more general class of models with
non-traditional stabilization symmetries. The most optimistic scenario can observe the proposed
signature with a minimum of 10 fb−1 of integrated luminosity at design center of mass energy. It
will probably take considerably longer to validate the stabilizing symmetry is not a simple parity.
In all, we emphasize that the underlying symmetry that stabilizes weakly interacting dark matter
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There is an overwhelming amount of evidence for the
existence of dark matter (DM). Numerous astrophysical,
cosmological and direct detection experiments [1] provide
a consensus picture: viable dark matter candidates must
be stable, neutral under the Standard Model (SM), non-
relativistic at redshifts of z ∼ 3000 and generate the mea-
sured relic abundance of h2 ΩDM = 0.1131 ± 0.0034 [2].
These requirements are general and upon implementation
provide a plethora of models with viable DM candidates.
The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We
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chains of particles charged under “non-parity” stabilization sym-
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this research direction in the collaboration of [10]. In a separate
collaboration [11], we focus on showing how the LHC can distin-
guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
sectors can be the source of the dark matter candidates.

next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.
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In this section we provide inductive reasoning to sup-
port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-
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ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.
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Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.
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port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
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cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
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There is an overwhelming amount of evidence for the
existence of dark matter (DM). Numerous astrophysical,
cosmological and direct detection experiments [1] provide
a consensus picture: viable dark matter candidates must
be stable, neutral under the Standard Model (SM), non-
relativistic at redshifts of z ∼ 3000 and generate the mea-
sured relic abundance of h2 ΩDM = 0.1131 ± 0.0034 [2].
These requirements are general and upon implementation
provide a plethora of models with viable DM candidates.
The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We
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chains of particles charged under “non-parity” stabilization sym-
metries. The result is specific kinematical distributions that are
distinct from traditional parity stabilized models. We explore
this research direction in the collaboration of [10]. In a separate
collaboration [11], we focus on showing how the LHC can distin-
guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
sectors can be the source of the dark matter candidates.

next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.

I. SIGNAL SUPPRESSION FOR PARITY
STABILIZED MODELS

In this section we provide inductive reasoning to sup-
port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-
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particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
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next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
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from Section II. Also considered are the well-known SM
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Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.

I. SIGNAL SUPPRESSION FOR PARITY
STABILIZED MODELS

In this section we provide inductive reasoning to sup-
port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-
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There is an overwhelming amount of evidence for the
existence of dark matter (DM). Numerous astrophysical,
cosmological and direct detection experiments [1] provide
a consensus picture: viable dark matter candidates must
be stable, neutral under the Standard Model (SM), non-
relativistic at redshifts of z ∼ 3000 and generate the mea-
sured relic abundance of h2 ΩDM = 0.1131 ± 0.0034 [2].
These requirements are general and upon implementation
provide a plethora of models with viable DM candidates.
The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We
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ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
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energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
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ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
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energy is a central point of this paper. This statement
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The analysis therein includes the computing of the sta-
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example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
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next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.
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The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
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with another symmetry (a “non-parity” symmetry) at
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two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We
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distinct from traditional parity stabilized models. We explore
this research direction in the collaboration of [10]. In a separate
collaboration [11], we focus on showing how the LHC can distin-
guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
sectors can be the source of the dark matter candidates.

next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.
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In this section we provide inductive reasoning to sup-
port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-
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• Effective Field theory:  New particles generally  
                                 have O(1) couplings to SM.
                                 (remember new particles are parity even) 

• Result:  Smaller branching fraction into signal.

Remaining Diagrams Suppressed?
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consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-
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There is an overwhelming amount of evidence for the
existence of dark matter (DM). Numerous astrophysical,
cosmological and direct detection experiments [1] provide
a consensus picture: viable dark matter candidates must
be stable, neutral under the Standard Model (SM), non-
relativistic at redshifts of z ∼ 3000 and generate the mea-
sured relic abundance of h2 ΩDM = 0.1131 ± 0.0034 [2].
These requirements are general and upon implementation
provide a plethora of models with viable DM candidates.
The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We
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chains of particles charged under “non-parity” stabilization sym-
metries. The result is specific kinematical distributions that are
distinct from traditional parity stabilized models. We explore
this research direction in the collaboration of [10]. In a separate
collaboration [11], we focus on showing how the LHC can distin-
guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
sectors can be the source of the dark matter candidates.

next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.

I. SIGNAL SUPPRESSION FOR PARITY
STABILIZED MODELS

In this section we provide inductive reasoning to sup-
port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
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to ensure it will not decay inside of the detector yet is
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In our scenario, this means a final state involving ψ∗ψ,
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ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
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DM is stabilized by a symmetry other than a Z2; there
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Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
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from Section II. Also considered are the well-known SM
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will probably take considerably longer to validate the stabilizing symmetry is not a simple parity.
In all, we emphasize that the underlying symmetry that stabilizes weakly interacting dark matter
has tremendous implications for the LHC and our understanding of the nature of dark matter.

There is an overwhelming amount of evidence for the
existence of dark matter (DM). Numerous astrophysical,
cosmological and direct detection experiments [1] provide
a consensus picture: viable dark matter candidates must
be stable, neutral under the Standard Model (SM), non-
relativistic at redshifts of z ∼ 3000 and generate the mea-
sured relic abundance of h2 ΩDM = 0.1131 ± 0.0034 [2].
These requirements are general and upon implementation
provide a plethora of models with viable DM candidates.
The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We
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chains of particles charged under “non-parity” stabilization sym-
metries. The result is specific kinematical distributions that are
distinct from traditional parity stabilized models. We explore
this research direction in the collaboration of [10]. In a separate
collaboration [11], we focus on showing how the LHC can distin-
guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
sectors can be the source of the dark matter candidates.

next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.

I. SIGNAL SUPPRESSION FOR PARITY
STABILIZED MODELS

In this section we provide inductive reasoning to sup-
port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-
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imental analysis observes long-lived ψ particles. From
our effective description, we posit final state signatures
with two observed ψ particles plus E/T are generally sup-
pressed. Such a signature may be possible for models in
which the dark matter is stabilized by other symmetries
such as Z2 × Z2, Z3, SU(3)global, etc. We will account
for the relevant SM backgrounds in Sections III and IV.

To see the signal suppression in the Z2 case, note the
most relevant operators involving couplings of ψ with the
SM are

O1f = g ψcσAψ O1b = g ∂ψ∗Aψ (1)

and

O2b = λ1 h†h ψ∗ψ O2f =
λ2

Λ
h†h ψ∗ψ (2)

where A is the gluon, photon or Z boson. h is the higgs.
Note, h is general and can represent extended higgs sec-
tors such as two higgs doublets that are common in SUSY
models. Oif (Oib) are the operators involving fermionic
(bosonic) ψ. The same type of couplings are also possible
for χ with A the photon or Z boson. If both χ and ψ are
scalars, then the marginal operator

O3b = λ3 ψ∗ψ χ∗χ (3)

is also possible. As well, if ψ has the SM quantum num-
bers of the higgs then

O4b =
λ4b

Λ
ψ∗χh h†h O4f = λ4f ψ∗χ h (4)

is viable. If ψ has SM charges which allow yukawa cou-
plings to quarks and leptons, our assumption of a long-
lived ψ particle requires, λ5,6, to be small for

O5 = λ5 ψcχ l O6 = λ6 ψcχ q. (5)

There may be additional higher-dimensional operators
that may permit decay of ψ into the SM. We assume Λ
is sufficiently large to suppress the effects of these oper-
ators.

One way to generate the signal with our effective de-
scription is through pair production of the ψ particles.
One of the ψ particles can subsequently emit two χ par-
ticles via equation 3. It is also possible for ψ to emit
a SM higgs boson or an off-shell Z or photon via equa-
tions 1 and 2. These would then need to decay into two χ
particles. The first (second) scenario is suppressed by the
amount ψ (as well as Z∗/γ∗) goes off-shell. The diagrams
involving a virtual SM higgs, h0, have additional off-shell
suppression if mh0

< 2mχ. To get a numerical estimate
of the effect of off-shell suppression, note the integral over
a Breit-Wigner resonance for one virtual particle, V, is

I =
θmax − θmin

ΓV MV
(6)

where θmax(min) = tan−1((m2
max(min) − M2

V )/ΓV MV ).
Here mmax and mmin are the appropriate limits of the

phase space integration [13]. In the limit where the vir-
tual particle is on shell θmax − θmin → π. As an example,
for the process involving equation 3, the integral goes as
θmax − θmin ∼ O(0.01) for a 500 GeV ψ and 100 GeV χ.
The SM higgses in the diagrams described above can have
heavy masses, 1 TeV > mh0

≥ 2 mχ, which may slightly
reduce the amount of off-shell suppression; in this case
often mh0

> 2 mZ and there is an additional suppression
from the SM higgses preferentially decaying into W and
Z bosons. Note the partial width for h0 → χχ is

Γh0→χχ scalar =
κ2

1 v2
ew

16πmh0

√

1 − 4m2
χ/m2

h0
(7)

Γh0→χχ fermion =
Aκ2

2 mh0

32π

(

1 − 4m2
χ/m2

h0

)3/2

(8)

where κ1 (κ2) is the coupling for scalar (fermionic) χ.
Here A = 2, 4 for Weyl and Dirac fermions, respectively.
The partial width for decays into W and Z bosons goes
as Γ ∼ GF m3

h0
where GF is Fermi’s constant. Thus, as

mh0
increases, the higgs decays more frequently into W

and Z pairs due to the m3
h0

enhancement. For example, a
1 TeV (300 GeV) higgs decays into 100 GeV scalar (Dirac
fermion) DM 6×10−2 % (11%) of the time. Here we have
assumed κi = 0.5. Even when the SM higgs decays at
the 10% level, an experimentalist can search for ψ∗ψ+h0

where h0 decays to the SM. As we will discuss in Section
III, tagging long-lived particles is relatively easy. Thus,
precise measurement of the SM higgs branching fractions
can uncover an invisible decay width. An experimentalist
can potentially identify if a E/T signature comes from SM
higgs decay.

Another way to generate the ψ∗ψ + E/T signature is
through pair producing charged higgses. Such higgses
are common in SUSY models. The higgses decay on-
shell via the operators in equation 4 for mh > mχ + mψ.
Now, in two higgs doublet models, the partial width for
each higgs decay channel into the SM goes as Γ ∼ GF m3

h.
Thus, from the arguments in the previous paragraph, the
h → ψ χ∗ decay may be suppressed. Even with a signif-
icant partial width, the experimentalist can still largely
determine if higgs decay is responsible for the ψ∗ψ + E/T

signature. The higgs decay width into ψ χ∗ can be mea-
sured by comparing p p → h∗ h → ψ +SM+E/T events to
the signal. In particular, this process allows the recon-
struction of both of the virtual higgses. The critcal point:
If an experiment observes the ψ+SM+E/T signature and
the SM daughters can be reconstructed to the higgs, it
is observationally clear that higgs is parity even. If the
mass of the other virtual higgs can be reconstructed, it
is clear we have the case where parity even states can
produce the ψ∗ψ + E/T signature. The higgs mass from
the h → ψ χ∗ decay can be reconstructed with a trans-
verse invariant mass. This is in analogy to W → l ν mass
reconstruction in WW decays [14]. As before, observing
the higgs decay into the SM daughters is not as problem-
atic because the tagged ψ particles greatly reduce the SM

• An Estimate:  Virtual SM higgs particle.  Decay rate

1 TeV SM higgs branching fraction ~ O(0.01)%
350 GeV higgs branching ~ O(1)% (largest possible)

Example Particle to Mediate 
Diagrams
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our effective description, we posit final state signatures
with two observed ψ particles plus E/T are generally sup-
pressed. Such a signature may be possible for models in
which the dark matter is stabilized by other symmetries
such as Z2 × Z2, Z3, SU(3)global, etc. We will account
for the relevant SM backgrounds in Sections III and IV.

To see the signal suppression in the Z2 case, note the
most relevant operators involving couplings of ψ with the
SM are

O1f = g ψcσAψ O1b = g ∂ψ∗Aψ (1)

and

O2b = λ1 h†h ψ∗ψ O2f =
λ2

Λ
h†h ψ∗ψ (2)

where A is the gluon, photon or Z boson. h is the higgs.
Note, h is general and can represent extended higgs sec-
tors such as two higgs doublets that are common in SUSY
models. Oif (Oib) are the operators involving fermionic
(bosonic) ψ. The same type of couplings are also possible
for χ with A the photon or Z boson. If both χ and ψ are
scalars, then the marginal operator

O3b = λ3 ψ∗ψ χ∗χ (3)

is also possible. As well, if ψ has the SM quantum num-
bers of the higgs then

O4b =
λ4b

Λ
ψ∗χh h†h O4f = λ4f ψ∗χ h (4)

is viable. If ψ has SM charges which allow yukawa cou-
plings to quarks and leptons, our assumption of a long-
lived ψ particle requires, λ5,6, to be small for

O5 = λ5 ψcχ l O6 = λ6 ψcχ q. (5)

There may be additional higher-dimensional operators
that may permit decay of ψ into the SM. We assume Λ
is sufficiently large to suppress the effects of these oper-
ators.

One way to generate the signal with our effective de-
scription is through pair production of the ψ particles.
One of the ψ particles can subsequently emit two χ par-
ticles via equation 3. It is also possible for ψ to emit
a SM higgs boson or an off-shell Z or photon via equa-
tions 1 and 2. These would then need to decay into two χ
particles. The first (second) scenario is suppressed by the
amount ψ (as well as Z∗/γ∗) goes off-shell. The diagrams
involving a virtual SM higgs, h0, have additional off-shell
suppression if mh0

< 2mχ. To get a numerical estimate
of the effect of off-shell suppression, note the integral over
a Breit-Wigner resonance for one virtual particle, V, is

I =
θmax − θmin

ΓV MV
(6)

where θmax(min) = tan−1((m2
max(min) − M2

V )/ΓV MV ).
Here mmax and mmin are the appropriate limits of the

phase space integration [13]. In the limit where the vir-
tual particle is on shell θmax − θmin → π. As an example,
for the process involving equation 3, the integral goes as
θmax − θmin ∼ O(0.01) for a 500 GeV ψ and 100 GeV χ.
The SM higgses in the diagrams described above can have
heavy masses, 1 TeV > mh0

≥ 2 mχ, which may slightly
reduce the amount of off-shell suppression; in this case
often mh0

> 2 mZ and there is an additional suppression
from the SM higgses preferentially decaying into W and
Z bosons. Note the partial width for h0 → χχ is

Γh0→χχ scalar =
κ2

1 v2
ew

16πmh0

√

1 − 4m2
χ/m2

h0
(7)

Γh0→χχ fermion =
Aκ2

2 mh0

32π

(

1 − 4m2
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)3/2

(8)

where κ1 (κ2) is the coupling for scalar (fermionic) χ.
Here A = 2, 4 for Weyl and Dirac fermions, respectively.
The partial width for decays into W and Z bosons goes
as Γ ∼ GF m3

h0
where GF is Fermi’s constant. Thus, as

mh0
increases, the higgs decays more frequently into W

and Z pairs due to the m3
h0

enhancement. For example, a
1 TeV (300 GeV) higgs decays into 100 GeV scalar (Dirac
fermion) DM 6×10−2 % (11%) of the time. Here we have
assumed κi = 0.5. Even when the SM higgs decays at
the 10% level, an experimentalist can search for ψ∗ψ+h0

where h0 decays to the SM. As we will discuss in Section
III, tagging long-lived particles is relatively easy. Thus,
precise measurement of the SM higgs branching fractions
can uncover an invisible decay width. An experimentalist
can potentially identify if a E/T signature comes from SM
higgs decay.

Another way to generate the ψ∗ψ + E/T signature is
through pair producing charged higgses. Such higgses
are common in SUSY models. The higgses decay on-
shell via the operators in equation 4 for mh > mχ + mψ.
Now, in two higgs doublet models, the partial width for
each higgs decay channel into the SM goes as Γ ∼ GF m3

h.
Thus, from the arguments in the previous paragraph, the
h → ψ χ∗ decay may be suppressed. Even with a signif-
icant partial width, the experimentalist can still largely
determine if higgs decay is responsible for the ψ∗ψ + E/T

signature. The higgs decay width into ψ χ∗ can be mea-
sured by comparing p p → h∗ h → ψ +SM+E/T events to
the signal. In particular, this process allows the recon-
struction of both of the virtual higgses. The critcal point:
If an experiment observes the ψ+SM+E/T signature and
the SM daughters can be reconstructed to the higgs, it
is observationally clear that higgs is parity even. If the
mass of the other virtual higgs can be reconstructed, it
is clear we have the case where parity even states can
produce the ψ∗ψ + E/T signature. The higgs mass from
the h → ψ χ∗ decay can be reconstructed with a trans-
verse invariant mass. This is in analogy to W → l ν mass
reconstruction in WW decays [14]. As before, observing
the higgs decay into the SM daughters is not as problem-
atic because the tagged ψ particles greatly reduce the SM

• An Estimate:  Virtual SM higgs particle.  Decay rate

1 TeV SM higgs branching fraction ~ O(0.01)%
350 GeV higgs branching ~ O(1)% (largest possible)

Example Particle to Mediate 
Diagrams

• Similar statement for charged higgses.

Thursday, October 7, 2010



2

imental analysis observes long-lived ψ particles. From
our effective description, we posit final state signatures
with two observed ψ particles plus E/T are generally sup-
pressed. Such a signature may be possible for models in
which the dark matter is stabilized by other symmetries
such as Z2 × Z2, Z3, SU(3)global, etc. We will account
for the relevant SM backgrounds in Sections III and IV.

To see the signal suppression in the Z2 case, note the
most relevant operators involving couplings of ψ with the
SM are

O1f = g ψcσAψ O1b = g ∂ψ∗Aψ (1)

and

O2b = λ1 h†h ψ∗ψ O2f =
λ2

Λ
h†h ψ∗ψ (2)

where A is the gluon, photon or Z boson. h is the higgs.
Note, h is general and can represent extended higgs sec-
tors such as two higgs doublets that are common in SUSY
models. Oif (Oib) are the operators involving fermionic
(bosonic) ψ. The same type of couplings are also possible
for χ with A the photon or Z boson. If both χ and ψ are
scalars, then the marginal operator

O3b = λ3 ψ∗ψ χ∗χ (3)

is also possible. As well, if ψ has the SM quantum num-
bers of the higgs then

O4b =
λ4b

Λ
ψ∗χh h†h O4f = λ4f ψ∗χ h (4)

is viable. If ψ has SM charges which allow yukawa cou-
plings to quarks and leptons, our assumption of a long-
lived ψ particle requires, λ5,6, to be small for

O5 = λ5 ψcχ l O6 = λ6 ψcχ q. (5)

There may be additional higher-dimensional operators
that may permit decay of ψ into the SM. We assume Λ
is sufficiently large to suppress the effects of these oper-
ators.

One way to generate the signal with our effective de-
scription is through pair production of the ψ particles.
One of the ψ particles can subsequently emit two χ par-
ticles via equation 3. It is also possible for ψ to emit
a SM higgs boson or an off-shell Z or photon via equa-
tions 1 and 2. These would then need to decay into two χ
particles. The first (second) scenario is suppressed by the
amount ψ (as well as Z∗/γ∗) goes off-shell. The diagrams
involving a virtual SM higgs, h0, have additional off-shell
suppression if mh0

< 2mχ. To get a numerical estimate
of the effect of off-shell suppression, note the integral over
a Breit-Wigner resonance for one virtual particle, V, is

I =
θmax − θmin

ΓV MV
(6)

where θmax(min) = tan−1((m2
max(min) − M2

V )/ΓV MV ).
Here mmax and mmin are the appropriate limits of the

phase space integration [13]. In the limit where the vir-
tual particle is on shell θmax − θmin → π. As an example,
for the process involving equation 3, the integral goes as
θmax − θmin ∼ O(0.01) for a 500 GeV ψ and 100 GeV χ.
The SM higgses in the diagrams described above can have
heavy masses, 1 TeV > mh0

≥ 2 mχ, which may slightly
reduce the amount of off-shell suppression; in this case
often mh0

> 2 mZ and there is an additional suppression
from the SM higgses preferentially decaying into W and
Z bosons. Note the partial width for h0 → χχ is

Γh0→χχ scalar =
κ2
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h0
(7)

Γh0→χχ fermion =
Aκ2

2 mh0
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(8)

where κ1 (κ2) is the coupling for scalar (fermionic) χ.
Here A = 2, 4 for Weyl and Dirac fermions, respectively.
The partial width for decays into W and Z bosons goes
as Γ ∼ GF m3

h0
where GF is Fermi’s constant. Thus, as

mh0
increases, the higgs decays more frequently into W

and Z pairs due to the m3
h0

enhancement. For example, a
1 TeV (300 GeV) higgs decays into 100 GeV scalar (Dirac
fermion) DM 6×10−2 % (11%) of the time. Here we have
assumed κi = 0.5. Even when the SM higgs decays at
the 10% level, an experimentalist can search for ψ∗ψ+h0

where h0 decays to the SM. As we will discuss in Section
III, tagging long-lived particles is relatively easy. Thus,
precise measurement of the SM higgs branching fractions
can uncover an invisible decay width. An experimentalist
can potentially identify if a E/T signature comes from SM
higgs decay.

Another way to generate the ψ∗ψ + E/T signature is
through pair producing charged higgses. Such higgses
are common in SUSY models. The higgses decay on-
shell via the operators in equation 4 for mh > mχ + mψ.
Now, in two higgs doublet models, the partial width for
each higgs decay channel into the SM goes as Γ ∼ GF m3

h.
Thus, from the arguments in the previous paragraph, the
h → ψ χ∗ decay may be suppressed. Even with a signif-
icant partial width, the experimentalist can still largely
determine if higgs decay is responsible for the ψ∗ψ + E/T

signature. The higgs decay width into ψ χ∗ can be mea-
sured by comparing p p → h∗ h → ψ +SM+E/T events to
the signal. In particular, this process allows the recon-
struction of both of the virtual higgses. The critcal point:
If an experiment observes the ψ+SM+E/T signature and
the SM daughters can be reconstructed to the higgs, it
is observationally clear that higgs is parity even. If the
mass of the other virtual higgs can be reconstructed, it
is clear we have the case where parity even states can
produce the ψ∗ψ + E/T signature. The higgs mass from
the h → ψ χ∗ decay can be reconstructed with a trans-
verse invariant mass. This is in analogy to W → l ν mass
reconstruction in WW decays [14]. As before, observing
the higgs decay into the SM daughters is not as problem-
atic because the tagged ψ particles greatly reduce the SM

• An Estimate:  Virtual SM higgs particle.  Decay rate

1 TeV SM higgs branching fraction ~ O(0.01)%
350 GeV higgs branching ~ O(1)% (largest possible)

Example Particle to Mediate 
Diagrams

• Stronger suppression statement.

• Similar statement for charged higgses.
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• Same suppression/reconstruction conclusions
as the arguments for four final body states. 

Six Body States
(that generate two meta-stable particles + missing energy)

• Diagrams overall suppressed compared to 
2, 4 body diagrams.
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Many popular models of new physics beyond the Standard Model use a parity to stabilize weakly
interacting, dark matter candidates. We examine the potential for the CERN Large Hadron Col-
lider to distinguish models with parity stabilized dark matter from models in which the dark matter
is stabilized by other symmetries. In this letter, we focus on signatures involving long-lived par-
ticles and large amounts of missing transverse energy. To illustrate these signatures, we consider
three models from the literature which are representative of a more general class of models with
non-traditional stabilization symmetries. The most optimistic scenario can observe the proposed
signature with a minimum of 10 fb−1 of integrated luminosity at design center of mass energy. It
will probably take considerably longer to validate the stabilizing symmetry is not a simple parity.
In all, we emphasize that the underlying symmetry that stabilizes weakly interacting dark matter
has tremendous implications for the LHC and our understanding of the nature of dark matter.

There is an overwhelming amount of evidence for the
existence of dark matter (DM). Numerous astrophysical,
cosmological and direct detection experiments [1] provide
a consensus picture: viable dark matter candidates must
be stable, neutral under the Standard Model (SM), non-
relativistic at redshifts of z ∼ 3000 and generate the mea-
sured relic abundance of h2 ΩDM = 0.1131 ± 0.0034 [2].
These requirements are general and upon implementation
provide a plethora of models with viable DM candidates.
The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We
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1 In addition to long-lived particles, one can also study decay

chains of particles charged under “non-parity” stabilization sym-
metries. The result is specific kinematical distributions that are
distinct from traditional parity stabilized models. We explore
this research direction in the collaboration of [10]. In a separate
collaboration [11], we focus on showing how the LHC can distin-
guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
sectors can be the source of the dark matter candidates.

next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.

I. SIGNAL SUPPRESSION FOR PARITY
STABILIZED MODELS

In this section we provide inductive reasoning to sup-
port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-

UCB-PTH-09/24

Dark Matter Stabilization Symmetries and Long-Lived Particles
at the Large Hadron Collider

Devin G. E. Walker∗

Department of Physics, University of California, Berkeley, CA 94720, U.S.A,
Theoretical Physics Group, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, U.S.A.

Many popular models of new physics beyond the Standard Model use a parity to stabilize weakly
interacting, dark matter candidates. We examine the potential for the CERN Large Hadron Col-
lider to distinguish models with parity stabilized dark matter from models in which the dark matter
is stabilized by other symmetries. In this letter, we focus on signatures involving long-lived par-
ticles and large amounts of missing transverse energy. To illustrate these signatures, we consider
three models from the literature which are representative of a more general class of models with
non-traditional stabilization symmetries. The most optimistic scenario can observe the proposed
signature with a minimum of 10 fb−1 of integrated luminosity at design center of mass energy. It
will probably take considerably longer to validate the stabilizing symmetry is not a simple parity.
In all, we emphasize that the underlying symmetry that stabilizes weakly interacting dark matter
has tremendous implications for the LHC and our understanding of the nature of dark matter.

There is an overwhelming amount of evidence for the
existence of dark matter (DM). Numerous astrophysical,
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be stable, neutral under the Standard Model (SM), non-
relativistic at redshifts of z ∼ 3000 and generate the mea-
sured relic abundance of h2 ΩDM = 0.1131 ± 0.0034 [2].
These requirements are general and upon implementation
provide a plethora of models with viable DM candidates.
The most popular, e.g. supersymmetry (SUSY), Little
Higgs and extra-dimensional scenarios, typically stabilize
the dark matter with a generic parity (Z2) symmetry [3–
9]. Since particles are defined by how they transform un-
der different symmetries, in essence only one type of DM
candidate is being considered! In this letter, we consider
the observational consequences of dark matter stabilized
with another symmetry (a “non-parity” symmetry) at
the CERN Large Hadron Collider (LHC). We focus on
a signal of two long-lived particles plus large amounts of
missing transverse energy (E/T ).1 The key statement: If
two long lived particles are tagged at the LHC and a Z2

symmetry is responsible for their stability, it is clear each
particle is parity odd. However, if the same process is ob-
served along with a large amount of missing transverse
energy, such is indicative of “non-parity” stabilization
symmetries. To demonstrate the viability of this state-
ment, we devote the next section to show how this signal
is often suppressed for models with Z2 stabilized DM. We
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1 In addition to long-lived particles, one can also study decay

chains of particles charged under “non-parity” stabilization sym-
metries. The result is specific kinematical distributions that are
distinct from traditional parity stabilized models. We explore
this research direction in the collaboration of [10]. In a separate
collaboration [11], we focus on showing how the LHC can distin-
guish strongly coupled hidden sectors with conformal or confined
phases from perturbative ones using jets of missing energy. Such
sectors can be the source of the dark matter candidates.

next briefly review three example models in which the
DM is stabilized by a symmetry other than a Z2; there
example processes that generate the signal are provided.
Section III contains the specifics of our methodology in-
cluding the SM backgrounds, detector and acceptance
cuts. Also included are the details of a fast detector sim-
ulation written to estimate the amount of missing energy
generated from long-lived particles interacting with the
ATLAS and CMS detectors. The relative suppression of
Z2 stabilized models for the signal of two observed long-
lived particles plus large amounts of missing transverse
energy is a central point of this paper. This statement
is quantified for example effective theories in Section IV.
The analysis therein includes the computing of the sta-
tistical significance for the “non-parity” signal processes
from Section II. Also considered are the well-known SM
backgrounds. Conclusions follow.

I. SIGNAL SUPPRESSION FOR PARITY
STABILIZED MODELS

In this section we provide inductive reasoning to sup-
port the assertion that models with Z2 stabilization sym-
metries are either generally suppressed or distinguishable
from models with non-traditional stabilization symme-
tries. These arguments are valid for signatures of two
long-lived particles plus E/T . To begin, consider the low
energy effective theory of a model with parity stabilized
dark matter, χ. Below the cutoff Λ, we include the SM,
χ and the next-to-lightest parity odd particle, ψ. We
require ψ to be charged under both the SM and Z2 sym-
metries. We also require ψ to have a lifetime long enough
to ensure it will not decay inside of the detector yet is
consistent with the strong bounds on charged, long-lived
particles [12]. Now just by parity conservation, any pro-
cess involving the production of parity odd particles must
have an even number of such particles in the final state.
In our scenario, this means a final state involving ψ∗ψ,
ψ∗ψ ψ∗ψ, ψ∗ψ χ∗χ, etc. Now suppose a dedicated exper-
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Similar arguments 
for this diagram

Reconstruct in analogy to ZZ production.
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Meta-Stable Quarks

• Analogous charge flipping for R-hadrons 
interacting with the detector*

*From review, Fairbairn, et al. hep-ph/0611040 

p p

u

d
R R

g~

u

u

d

u

d

u

~g
d

u

+ +

!
p

d
R R

g~

u

u

d d

~g
d

d

o +

u

u

d
0

p

d
R R

g~

u

u

d

u

d

~g
d

ud

d
n

o +

u

u

d
p

R
g

u

d

~

g
~

uuu= R
++

+

(a) (b) (c) (d)

Fig. 13.R-hadron-proton scattering processes. (a) Elastic scattering, (b) Inelastic scattering
leading to baryon and charge exchange, (c) Inelastic scattering leading to charge exchange,

(d) Resonance formation.

state with a total energy E=450 GeV and a mass m of the C8 parton of 300 GeV,

the Lorentz factor will be γ=1.5. Although the kinetic energy of the R-hadron is
150 GeV, the kinetic energy of the interacting qq̄ system is only (γ − 1)mqq̄ ≈ 0.3

GeV, (if the quark system consists of up and down quarks). ForR-hadrons produced
at the Tevatron or LHC with masses above 100 GeV, the centre-of-mass energy of
the system of quarks and a stationary nucleon can thus be at most around a few

GeV. Thus, the energy scales relevant for heavy hadron scattering processes from

nucleons are low and comparable with low-energy hadron-hadron scattering for

which Regge theory is often applied. The heavy state Ci serves only as a reservoir

of kinetic energy.

Although R-hadrons may scatter elastically or inelastically the energy absorbed in
an elastic scattering process, such as that illustrated in Fig. 13 (a), is expected to be

small [269], since the high-massR-hadron scatters on a lower mass target nucleus,
and inelastic collisions are expected to be largely responsible for the energy loss

of an R-hadron. These inelastic collisions may cause the conversion of one species
of R-hadron to another in two ways: baryon exchange, which was overlooked until
recently [235], and charge exchange, as shown in Fig. 13 (b) and (c), respectively.

In the first process, an exothermic inelastic R-meson-nucleon interaction results in
the release of a pion. The reverse reaction is suppressed by phase space and because

of the relative absence of pions in the nuclear environment. Thus, most R-mesons
will convert early in the scattering chain, in passing through hadron absorbing ma-

terial, e.g. a calorimeter, to baryons and remain as baryons. This is important, since

baryons have larger scattering cross sections. Baryon formation offers one oppor-

tunity for a charge exchange process to take place. Charge exchange may arise

in any meson-to-meson, meson-to-baryon, or baryon-to-baryon process. Although

exact predictions of individual processes are difficult to make, the low energies in-

volved in R-hadron scattering imply that reggeon and not pomeron-exchange will
dominate, and thus charge exchange reactions may well form a substantial contri-

bution to all interactions. This may lead to striking topologies of segments of tracks

of charged particles with opposite signs of charge on passage through hadron ab-

sorbers or calorimeter material. It is also interesting to note that such a configuration

can also arise if a neutral R-meson, formed as an intermediate state during scatter-
ing, oscillates into its own anti-particle and then subsequently interacts to become

50
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• Particles are cleanly tagged at the LHC

• S/B ~ O(100) for 1       for ATLAS and 
CMS.*

• Meta-stable quarks “hadronize” into “mesons” 
and “baryons.”

• “Mesons” and “baryons” charge flip, loose 
energy and even stop in the detector by 
exchanging valence quarks with the 
calorimeter.

Meta-Stable Particles Redux 

µ+ (16)

µ− (17)

SM (18)

DM (19)

mmother −mDM (20)

mmother − 2mDM (21)

mD > mC > mB > mA (22)

fb−1 (23)

2

* G. Aad, et al. [The ATLAS Collaboration],  arXiv:0901.0512,
   A. Rizzi, et al. [The CMS Collaboration], CMS-AN-2007/049.

Thursday, October 7, 2010



Meta-Stable Velocities

• The “hadrons” and “leptons” look like slow, heavy 
“muons” in the muon detector.

4

FIG. 2: Scaled events versus velocity for a 300 GeV N-hadron
with (dashed) and without (solid) emission of the dark gauge
boson. 200 GeV stable lepton is dot-dashed. The histograms
are scaled by 1, 20 and 200, respectively.

the muon detector provides a potential background to
our signal. The major backgrounds include QCD (light
quarks), bb̄, tt̄, W , Z, WW , WZ and ZZ production.
There are a variety of ways to detect heavy stable
particles and thereby reduce the background. [8] We
trigger on “muon tracks” in the muon detector that (1)
are out-of-time with the original event and (2) have
large transverse momentum(pT ).

In Fig. 2(a) we plot the velocity(β) of the stable quarks
and leptons for various masses. It is clear most of the
events have a velocity β < βmuon = 1 and will arrive
at the muon detector out of time with the SM muons.3

An additional complication occurs if the stable parti-
cle arrives too late. Each proton beam at the LHC is
collimated in bunches and is nominally separated by 25
nanoseconds. [12] Very slow stable particles could be mis-
reconstructed with the wrong initial event. This is of par-
ticular concern for the larger ATLAS detector – as up to
three events could be in the detector one time. Further,
without the proper cut, muons from cosmic rays could
provide an additional background. We adopt velocity
cuts [13] suggested by the ATLAS and CMS collabora-
tions. [14–17]

The ATLAS and CMS collaborations studied the sig-
nal to background ratios for 300 GeV gluino R-hadrons
for our chosen velocity cuts [13] and additional pT cuts.
For a pT > 135 GeV, ATLAS [14, 15] found a signal to
background ratio of S/B = 2.6 × 103 for an integrated
luminosity of 1 fb−1. We can expect the ratio for our
N-hadrons to be down by a factor of roughly 9/64. In
addition to the pT cut, CMS collaboration also requires

3 As seen in Fig. 1, the cross section for our example heavy lepton
is about 200 times smaller than the cross section of our heavy
quark. Since the detection analysis is the same, we concentrate
solely on the heavy quark N-hadrons in the forthcoming analysis.

FIG. 3: Events versus E/T for one (a) and two (b) observed
charged N-hadron(s). The dot-dashed (dotted) lines are
events with (without) the emission of the dark gauge boson
for the ATLAS detector. The sold (dashed) lines are events
with (without) the emission of the dark gauge boson for the
CMS detector.

a highly ionizing track in the inner detector to elimi-
nate backgrounds. It is beyond the scope of this work
to properly calibrate and account for ionization effects
in our simulation; however, to provide a reasonable esti-
mate, we retained events with charged N-hadrons in the
inner detector. We conservatively take our overall kine-
matic cuts for ATLAS and CMS as [18]. CMS find these
cuts generated a “background free region.” [16, 17]. With
such a high expected S/B ratio, our analysis is focused on
solely the N-hadron events without including the small
background contamination.

In Fig. 3(a), we plot the E/T for events where only one of
the two N-hadron are detected in the ATLAS and CMS
muon detectors. Also included are the events where a
100 GeV dark gauge boson is emitted according to pro-
cess 5. In Fig. 3(b) we plot the same only now including
the events with both N-hadrons detected. Since there is
no discernable distinction between the events with and
without emitting the heavy, dark gauge boson, it is clear
more needs to be done to clarify our signal. It is comfort-
ing, however, even though we neglected ionization effects,
that our fast detector simulation provides analogous re-
sults to the GEANT3 simulations in [15].

4

FIG. 2: Scaled events versus velocity for a 300 GeV N-hadron
with (dashed) and without (solid) emission of the dark gauge
boson. 200 GeV stable lepton is dot-dashed. The histograms
are scaled by 20, 1 and 200, respectively.
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Time of Flight Issues

• Trigger on “heavy muons” which are out of time 
with rest of the relativistic event.

• “Muons” that are too slow are problematic.  Can 
be reconstructed with the wrong event.  
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Time of Flight Issues

• Trigger on “heavy muons” which are out of time 
with rest of the relativistic event.

• “Muons” that are too slow are problematic.  Can 
be reconstructed with the wrong event.  

• LHC proton beams are collimated in bunches 
separated nominally by 25 nanoseconds. 

• A problem for ATLAS because of it’s size.  Up to 
three events are in the detector at one time. 
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Fast Detector Simulation

• To do the analysis wrote a fast simulation to 
parametrize the detector effects of 
Geant 3 and 4.  
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Fast Detector Simulation

• To do the analysis wrote a fast simulation to 
parametrize the detector effects of 
Geant 3 and 4.  

• Details are not in the mainstream of
this talk . . .
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